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INTRODUCTION AND 
PURPOSE
Welcome to the 8th PATA Days Meeting in Blenheim, New Zealand. The GNS Science Earthquake Geology team, and our colleagues at Victoria University of 
Wellington, University of Canterbury and University of Otago are very pleased to welcome you all to New Zealand. The purpose of this meeting is to share new 
research, ideas and techniques in the fields of paleoseismology, active tectonics and archaeoseismology. We are delighted to be hosting this event in New 
Zealand in 2017. Several years ago, the GNS Science earthquake geology team started discussing ways in which we could commemorate the tricentenary 
of the AD 1717 (+/- 5 yrs!) M~8.0 Alpine fault earthquake. An international conference seemed an ideal way to gather earthquake geology expertise in New 
Zealand, share some of the recent work we have been undertaking on the Alpine fault and raise public awareness of the hazard posed by the Alpine fault. 
Alas, our plans to hold the meeting in April in Hokitika on the West Coast were well derailed by the 2016 Kaikōura earthquake. It is with some relief that we 
are now holding the meeting in November 2017 – our re-adjusted plans were not interrupted by another earthquake and we are still within the tercentenary 
year of the last great Alpine fault earthquake!

The 2016 Kaikōura earthquake demonstrates the many ways in which a large earthquake can create devastation and reshape our understanding of earth-
quake and tsunami hazards. One year on, main transport routes in the northern South Island are still severely disrupted, communities still isolated, and ongoing 
aftershocks, land instability and sediment mobilisation are constant reminders that earthquake recovery & rebuilding is a prolonged process. Amongst this 
are many remarkable stories of resilience and community strength. On a personal level, all earthquake geologists in New Zealand have been humbled by the 
generosity of landowners in allowing us access to their land for undertaking research, even in these times of severe disruption to their livelihoods. The science 
community has much to learn from the Kaikōura earthquake – from our underpinning understanding of how plate boundaries evolve in time and space, through 
to slow-slip triggering, turbidite emplacement, earthquake-induced landslide distribution, the ongoing sedimentary response as landslide debris moves down-
stream and communication of earthquake science in times of crisis. We hope that this meeting allows an opportunity for all to share the latest in earthquake 
geology research and to learn more about active tectonics in the many parts of the world from which we have all gathered. We hope you enjoy the meeting. 

Kate Clark, Phaedra Upton, Rob Langridge.  

Venue Locations

WORKSHOP 
Marlborough Convention Centre
42A Alfred Street, Blenheim 7201
+64 3 579 5049
https://www.marlboroughconventions.co.nz/

ICEBREAKER 
Biddy Kate’s Backpackers
2 Market Street, Blenheim 7201
+64 3-578 3299
http://www.biddykates.com/

DINNER (DAY 4)
Dodson Street Beer Garden
1 Dodson Street, Mayfield, Blenheim 7201
+64 3 577 8348
http://www.dodsonstreet.co.nz/

DINNER (DAY 5)
Wither Hills Winery
211 New Renwick Road, Blenheim 7272
+64 3 520 8284
http://witherhills.co.nz/

https://www.marlboroughconventions.co.nz/
http://www.biddykates.com/
http://www.dodsonstreet.co.nz/
http://witherhills.co.nz/
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Map of Blenheim showing the Marlborough Convention Centre, Biddy Kate’s (location of the Icebreaker) and the Visitor Information Centre.

Map of Marlborough Convention Centre
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Map showing the dinner location on Wednesday night at Dodson Street Beer Garden.

Map of Dodson Street Beer Garden
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Icebreaker
Time: 6:30 - 8:00 PM

Date: 12 November 2017

Biddy Kate’s Bar, 2 Market St, Blenheim

Marlborough Convention Centre
The 2017 PATA Days meeting will be held at the Marlborough Convention Centre which located near the centre of Blenheim. Buses for the field trips will leave 
and return from the Marlborough Convention Centre.

FLOOR PLAN
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Internet Access
During our meeting, free wireless internet access will be available. Further details on accessing this network will be provided at the venue.

For internet access during your own time please see your hotel reception or see Malborough’s FreeSpot service: https://www.marlborough.govt.nz/our-com-
munity/how-to-access-freespot.

Fieldtrip
For all those going on the post-conference fieldtrip. You will have been sent the information you need by email. We will be departing from the conference centre 
at 8:30am sharp on Friday morning.

Abstracts
http://www.earthquakegeology.com/index.php?page=publications&s=6

Will also be on: https://gns.cri.nz/PATA

http://www.earthquakegeology.com/index.php?page=publications&s=6
https://gns.cri.nz/PATA
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PROGRAMME
Sunday, 12 November                DAY 1
6:30 PM Icebreaker

Monday, 13 November           FIELD TRIP -DAY 2
8:30 AM Field-trip departs (All participants)

Tuesday, 14 November      MARLBOROUGH CONVENTION CENTRE - DAY 3

8:30 AM Opening (Kate Clark - GNS Science, Ian Simpson - CEO, GNS Science,  
                Christoph Greutzner -  Friedrich Schiller University Jena/INQUA-IFG)

COMPLEX FAULT RUPTURES ON TRANSPRESSIONAL PLATE BOUNDARIES  
(TIM STAHL, RUSS VAN DISSEN)

9:00 AM Kaikōura earthquake: overview of seismology, geodesy & earthquake geology (Pilar Villamor)
9:30 AM Surface Rupture and Slip Distribution of the Kekerengu Fault during the Mw 7.8 2016 Kaikōura Earthquake (Jesse Kearse)
9:45 AM Preliminary geometry and kinematics of multiple surface ruptures during the 2016 MW 7.8 Kaikōura earthquake, North Canterbury region, 

New Zealand (Narges Khajavi)
10:00 AM The Hundalee Fault and the Mw7.8 2016 Kaikōura earthquake (Mark Stirling)
10:15 AM Multi-fault earthquakes with rupture complexity: how common? (Mark Quigley)
10:30AM Morning tea
11:00 AM Three-dimensional coastal deformation in the Mw 7.8 Kaikōura earthquake from differential airborne lidar (Ed Nissen)
11:15 AM Surface displacement during and after the 2016 Kaikōura earthquake revealed from SAR imagery (Teng Wang)
11:30 AM High-resolution optical-image correlation for the Kaikōura earthquake, slip distribution and rupture processes (Yann Klinger)
11:45 AM The role of surface-rupturing faults in the Waiautoa microblock, Clarence valley, New Zealand, during the Mw 7.8 2016 Kaikōura Earthquake 

(Rob Langridge)
12:30 PM  Lunch
1:30 PM Castle Mountain fault, southcentral Alaska: Observations on slip partitioning from lidar and paleoseismic trenching (Rich Koehler)
1:45 PM Paleo-uplift along the Kaikōura coastline: evidence from Holocene marine terraces (Nicola Litchfield)
2:00 PM Past multi fault ruptures at the southern Hikurangi margin (Kate Clark)
2:15 PM Landslides triggered by the MW 7.8 14 November 2016 Kaikōura Earthquake, New Zealand (Chris Massey)

ARCHAEOSEISMOLOGY (NICOLA LITCHFIELD)
2:30 PM Archaeoseismology:  Studying past earthquakes using archaeological data (Tina Niemi)
2:45 PM OSL Dating of Sediments Pre- and Post-dating Late Quaternary (Manfred Frechen)
3:00 PM Afternoon break

POSTER SESSION 
3:30 PM 28 Posters
 Complex Fault Ruptures on Transpressional Plate Boundaries
 Studies on Other Topics Related to Earthquakes Geology
 Earthquake Behaviour of High Slip Strike-Slip Faults
7:00 PM - 8:30PM Public Talk
 Earthquake research from New Zealand and beyond
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Wednesday 15 November      MARLBOROUGH CONVENTION CENTRE - DAY 4

ADVANCES IN PALEOSEISMIC TECHNIQUES (JAMIE HOWARTH)
8:30 AM Optically stimulated luminescence dating (OSL) in awkward places: what is doable in tectonically active environments 

(Sebastian Huot)
9:00 AM Sedimentary Evidence for the 2016 November M 7.8 Kaikōura Earthquake and Possible Sedimentary Evidence for Paleoearthquakes 

along the Hikurangi Subduction Zone (Jason Patton)
9:15 AM Paleoseismological studies on Hinagu Fault, Kumamoto, Japan (Takashi Azuma)
9:30 AM Combined high-resolution topographic analysis and paleoshoreline dating reveal spatio-temporal variability in slip rates on low-strain-rate 

normal faults (Ann Egger)
9:45 AM Paleoseismic Study Enhanced by U-Series Geochronology of Pedogenic Carbonate from Displaced Fluvial Gravel Deposits, Issyk-Ata 

Fault, Central Tien Shan, North Kyrgyzstan (Magda Patyniak)
10:00 AM Holocene deformation events in the offshore Transverse Ranges (California, USA) constrained by new high-resolution geophysical data 

(Hector Perea Manera)
10:15 AM Varve ages and the paleoearthquake interpretations of event horizons from three lakes, Quebec, Canada (Greg Brooks)
10:30 AM  Morning tea

POSTER SESSION
11:00 AM  30 posters
 Earthquake Geology Contributions to Seismic Hazard Analysis  
 Large Earthquakes in Mountaineous Regions and Landscape Response  
 Advances in Paleoseismic Techniques  
 Archaeoseismology  
12:45PM Lunch

ADVANCES (CONT.)
1:30 PM Slope failure - effect or trigger of tremors? Insights from geoelectrical methods, speleothem deformations dating (Tatra Mts.,  

Carpathians) (Maciej Mendecki)
1:45 PM Soft sediment deformation structures from cave as an indicator of tremors in mountains: insights from site effects analysis (Kalacka Cave, 

Tatra Mts., Carpathians) (Jacek Szczygieł)

EARTHQUAKE GEOLOGY CONTRIBUTIONS TO SEISMIC HAZARD ANALYSIS  
(PILAR VILLAMOR, STEPHANE BAIZE)

2:00 PM The M7 2016 Kumamoto, Japan, Earthquake: 3D coseismic deformation from differential topography  
(Chelsea Scott)

2:30 PM Imaging the distribution of transient viscosity following the 2016 Mw 7.1 Kumamoto earthquake (James Moore)
2:45 PM Fast fault tip propagation driven by near-surface lithology: evidence from trishear inverse modeling (Franz Livio)
3:00 PM Afternoon break
3:30 PM Tectonic Geomorphology, Late Quaternary Slip Rate, and Paleoseismology of the Whittier Fault in Southern California (Eldon Gath)
3:45 PM The new Italian seismic hazard model (Carlo Meletti)
4:00 PM Towards modelling the hazard relating to episodically slipping faults in slowly deforming regions (Dan Clark)
4:15 PM Hydrocode modeling of sesimic deformation structures – assumptions and preliminary results (Malgorzata Bronikowska)
4:30 PM Earthquake history of the western Issyk-Ata Fault, Central Tien Shan, North Kyrgyzstan (Angela Landgraf)
4:45 PM INQUA - IFG Meeting
 Last year’s activities, news, future PATA events, strategy. Everyone’s welcome.
6:40 PM Leave for the dinner venue - Dodson St Beer Garden (Walking distance - see the map on page X)
7:00 PM Dinner - Dodson St Beer Garden
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Thursday 16 November      MARLBOROUGH CONVENTION CENTRE - DAY 5

LARGE EARTHQUAKES IN MOUNTAINEOUS REGIONS AND LANDSCAPE RESPONSE  
(PHAEDRA UPTON)

8:30 AM Near real-time modelling of landslide dams from the 2016 Kaikōura earthquake (Tom Robinson)
9:00 AM Surface rupture of the 1933 M 7.5 Diexi earthquake in eastern Tibet: implications for seismogenic tectonics (Junjie Ren)

EARTHQUAKE GEOLOGY CONTRIBUTIONS TO SEISMIC HAZARD ANALYSIS  
(PILAR VILLAMOR, STEPHANE BAIZE)

9:15 AM Tectono-magmatic domains of the eastern Basin and Range, Utah, determined from paleoseismic investigations of active faults  
(Tim Stahl)

9:30 AM Paleo-liquefaction; an Alternative Tool for Seismic Hazard Assessments (Sarah Bastin)
9:45 AM Uplift of Fluvial Meanders at Kendeng Fold and Thrust Belt (East Java, Indonesia): Evidence of Late Quaternary Thrust Faulting (Gayatri 

Marliyani)
10:00 AM New school faults and seismic hazard, guilty (i.e. active) until proven innocent (i.e. inactive)? (Gregory De Pascale)
10:15 AM The AD 1755 Lisbon Earthquake-Tsunami: Modeling the seismic source from the analysis of environmental and building macroseismic data 

(Pablo Silva)
10:30 AM Morning tea

EARTHQUAKE BEHAVIOUR OF HIGH SLIP STRIKE-SLIP FAULTS (URSULA COCHRAN)
11:00 AM Paleoseismology of the northern Elsinore fault in southern California (Tom Rockwell)
11:15 AM Geomorphic and Paleoseismic Investigation of a Prominent Secondary Strand of the San Andreas Fault in the Carrizo Plain: Implication 

for Rupture Complexity (Sinan Akciz)
11:30 AM Timing of Earthquakes during the past 800 years along the Peninsula Section of the San Andreas Fault Suggests Persistent 1906-like 

Behavior (Gordon Seitz)
11:45 AM Late Holocene Surface Rupturing on the Kekerengu fault, New Zealand (Tim Little)
12:00 PM Kekerengu Fault: Characterisation of fault slip rate over the last ca 30 ka, and surface rupture displacement perpendicular to strike during 

the 2016 Kaikōura Earthquake (Russ Van Dissen)
12:30 PM Lunch
12:15 PM A revised earthquake history for the North Westland segment of the Alpine Fault (Jamie Howarth)
1:30 PM Development of an 8000-year record of large earthquakes on the Alpine Fault, New Zealand: where to from here? (Ursula Cochran)
1:45 PM Along-strike variations in fault geometry and slip distribution along the Bulnay Fault, Mongolia (Jin-Hyuck Choi)
2:00 PM The 2007 Aysén earthquake sequence: complex faulting and seismic migration in a transpressional fault zone (Angelo Villalobos)
2:15 PM Late Quaternary activity of the Dangjiang fault, Central Tibetan Plateau (Xuemeng Huang)

EARTHQUAKE GEOLOGY GENERAL CONTRIBUTIONS (TIM DAWSON)
2:30 PM Paleoseismology and Late Quaternary upper crustal deformation along active submarine faults on the continental shelf at 23°S, northern Chile 

(José González-Alfaro)
2:45 PM Assessing giant tsunamigenic subduction earthquakes in the Northern Chile Seismic Gap during the last millennia from submarine and 

archaeological records (Gabriel Vargas)
3:00 PM Afternoon break
3:30 PM Kinematics of the Area Between Palu (Elazig) and Pütürge (Malatya) on the East Anatolian Fault System in Turkey (Mehmet Kokum)
3:45 PM Late Quaternary activity of slow-slip intraplate Mariánské Lázně fault as revealed by trenching and shallow geophysical survey; Bohemian 

Massif (Czech Republic, central Europe) (Petra Štěpančíková)
4:00 PM Resistivity imaging of an active tectonics on examples from Central Europe (Petr Taborik)
4:15 PM Authentic collaboration with local communities in post-disaster reconnaissance and beyond: how to create a win-win scenario  

(Kate Pedley)
6:00 PM Bus departs for the dinner venue - Wither Hills Winery 
6:15 PM Dinner - Wither Hills Winery

Friday 17 November           FIELD TRIP - DAY 6
8:30 AM Post-meeting field trip departs
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POSTER PRESENTATIONS
Tuesday Posters              3:30 - 5:30 PM

COMPLEX FAULT RUPTURES ON TRANSPRESSIONAL PLATE BOUNDARIES
 � Anthropogeomorphology and Paleoseismology Blend to Define the 

Marvast Active Fault Slip History and Potential Seismology, Central 
Iran (Abolghasem Goorabi)

 � Preliminary insights of the fault geometries and kinematics along the 
South Leader Fault System during the Mw 7.8 Kaikōura earthquake 
(Natalie Hyland)

 � Rupture patterns on the North Leader Fault System during the 
Mw7.8 2016 Kaikōura Earthquake (Tabitha Bushell)

 � The effect of crustal structure on fault interactions (Susan Ellis)

EARTHQUAKE GEOLOGY GENERAL CONTRIBUTIONS
 � An Extreme Wave Event in eastern Yucatán, Mexico: evidences of 

paleotsunami during the Mayan time. (Javier Lario)

 � Exploratory use of random forest classification for characterising and 
predicting patterns of liquefaction ejecta (Monica Giona Bucci)

 � Extreme soft-sediment deformation structures as palaeoseismic in-
dicators in slurries from the Late Triassic Ordos Basin (central China)  
(Tom van Loon)

 � Factors controlling the distribution of building damage in the tradition-
al Vrissa settlement induced by the 2017 June 12, Mw 6.3 Lesvos 
(Northeastern Aegean Sea, Greece) earthquake (Efthymios Lekkas)

 � First steps in assessing paleoseismic activity along the eastern 
boundary of the Upper Rhine Graben (Stephane Baize)

 � From fresh tsunami deposit to paleo tsunami deposit: Preservation 
and disappearance of the 2011 Tohoku-Oki tsunami deposit along 
the Misawa coast, northern Japan (Yuichi Nishimura)

 � Historical and paleo-tsunami deposits on the Sanriku Coast, north-
east Japan (Daisuke Ishimura)

 � Past sea level markers as accurate earthquake geological effects: 
pros and contras (Teresa Bardají)

 � Possibility of the Late Holocene uplift in Youngil Bay, the southeast-
ern part of Korean Peninsula (Sung-ja Choi)

 � Post-earthquake rapid assessment using Unmanned Aircraft Sys-
tems (UAS) and GIS online applications: the case of Vrissa settle-
ment after the 2017 June 12, Mw 6.3 Lesvos (North Aegean Sea, 
Greece) earthquake (Varvara Antoniou)

 � Preliminary results of a multidisciplinary investigation on a slow-mov-
ing active strike-slip fault in Korea (Yong Sik Gihm)

 � Quaternary deformation in the Cordillera Oriental between 24°-25° 
SL, Central Andes (NW Argentina) (Victor Hugo Garcia)

 � Recording Holocene paleotsunamis along the hyperarid coast of Tal-
tal region in Northern Chile (Tomas Leon)

 � Scarp erosion and burial within four years following the M7.2 2010 
El Mayor-Cucapah earthquake rupture from repeat terrestrial lidar 
scans (Austin Elliott)

 � Simulation of Strong Ground Motion using Seismic Data of the 
Earthquake Occurred on September 12th 2016, near Gyeongju, Ko-
rea (Hak-Sung Kim)

 � Slip rate estimation from tilting of marine terraces, Kaikoura, New 
Zealand (Brendan Duffy)

 � Slope movements induced by strike-slip earthquakes in Western 
Greece (Spyridon Mavroulis)

 � Southern Hikurangi Margin uplift rates and tectonic implications 
based on new marine terrace data from the south coast of the North 
Island, NZ (Dee Ninnis)

 � The Characteristics of the Gyeonju Earthquake Observed from the 
Eupcheon Fault Monitoring System (Sung-il Cho)

 � Trend and policy of Quaternary fault research in Korea after 2016 
Gyeongju earthquake (Seung Ryeol Lee)

 � Valley evolution of the Biala Lądecka drainage network during late 
Cenozoic, Lower Silesia, Poland (Jakub Stemberk)

 � Which sedimentary environment best preserves paleoliquefaction 
features? (Peter Almond)

EARTHQUAKE BEHAVIOUR OF HIGH SLIP STRIKE-SLIP FAULTS
 � Refining the earthquake chronology of the last millennium along the 

Cholame segment of the San Andreas fault (Alana Williams)
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Wednesday Posters         10:30 AM - 12:30 PM

EARTHQUAKE GEOLOGY CONTRIBUTIONS TO SEISMIC HAZARD ANALYSIS
 � Anatomy of the 2016-2017 central Italy coseismic surface ruptures 

and their arrangement with respect to the foreseen active fault sys-
tems segmentation (Riccardo Civico)

 � Contemporary and Paleo Liquefaction Induced Lateral Spreading in 
Christchurch New Zealand (Greg De Pascale)

 � Earthquake damages associated with the 2016 ML=5.8 Gyeongju 
earthquake, Korea (Kwangmin Jin)

 � Earthquake fault propagation, displacement and damages  
(Young-Seog Kim)

 � Evidences of glacio-isostatic rebound in Germany and Poland – an 
overview of the GREBAL project (Szymon Belzyt)

 � Fault segmentation in central Apennines: insights from trenching 
data (Francesca Romana Cinti)

 � Ground response analysis during the 8 October 2005 Kashmir earth-
quake (Mw 7.6): implication for historical and paleoearthquake de-
terministic hazard assessment (Hamid Sana)

 � Integrating faults and past earthquakes into a probabilistic seismic 
hazard model for peninsular Italy (Bruno Pace)

 � Lidar and field mapping of the western Hope Fault (Jessica Vermeer)

 � New seismicity models for updating the national Italian seismic haz-
ard model (Francesco Visini)

 � Preliminary study on the triggering mechanism and related faults 
associated with the  9.12 Gyeongju Earthquake (M=5.8), SE Korea 
(Teahyung Kim)

 � Saalian earthquakes in the Ujście Basin, W Poland  
(Malgorzata Pisarska-Jamrozy)

 � Towards a unified and worldwide database of surface ruptures 
(SURE) for Fault Displacement Hazard Analyses (Stephane Baize)

LARGE EARTHQUAKES IN MOUNTAINEOUS REGIONS AND LANDSCAPE RESPONSE
 � Active faults related to the West Andean Thrust System (WATS) 

and  coseismic mega-landslides, Central Chilean High Andes (Jose 
Araya)

 � Deformation history of sackung features concentrated around the 
northern tip of the active Neodani Fault, central Japan (Komura Keit-
aro)

 � Earthquake environmental effects induced by the 2017 June 12, 
Mw 6.3 Lesvos (North Aegean Sea, Greece) earthquake (Vassiliki 
Alexoudi)

 � Measuring the slip-rate of the Ashgabat Fault, Turkmenistan  
(Christoph Gruetzner)

 � Predicting rock failure as a function of the total stress state: An ex-
ample from the western Southern Alps (Phaedra Upton)

 � The Green Lake landslide and its implications for earthquake hazard 
in the southern South Island (Tom Robinson)

ADVANCES IN PALEOSEISMIC TECHNIQUES
 � Quaternary faulting near the Utah FORGE geothermal site from high 

resolution topographic data and luminescence dating (Emily Kleber)

 � Rapid RS Data Collection for Landslide Damage and Fault Rupture 
using UAV and Structure-From-Motion Photogrammetry following 
the 2016 Mw 7.8 Kaikōura Earthquake (Katie Jones)

 � Stream channel morphology for the assessment of Quaternary fault 
segmentation activity along the San Ramon fault (Santiago, Chile) 
(Rachel Abrahami)

 � Tsunami or Hurricane? Mapping coastal boulders and boulder fields 
using satellite and high-resolution drone imagery with photogram-
metric techniques (Tina Niemi)

 � Untangling Tectonic Slip from the Potentially Misleading Effects of 
Landform Geometry (Austin Eliot)

 � Using the X-ray micro-computed tomography to reveal cryptic strain 
fabric of faulted soft sediment: outlines of a pilot study and prelimi-
nary results (Petr Spacek)

ARCHAEOSEISMOLOGY
 � Back analysis of earthquake damage on buildings used for the detec-

tion of the basic seismological parameters of historical earthquakes: 
the case of the 1755 Great Lisbon earthquake (Alexia Grampa)

 � Earthquake Archaeological Effects (EAEs) in Machupicchu. Prelimi-
nary results (Miguel Angel Rodríguez-Pascua)

 � Lichenometric analyses of rocky fault scarps: The example of the 
Sencelles Fault (Balearic Islands, Spain).(Pablo G. Silva)

 � SfM as a tool in Archaeoseismology (Neta Wechsler)

 � The record of ancient and historic earthquakes in the in the archae-
ological site of Idanha a Vela (Central Portugal; Iberian Peninsula)  
(Miguel Angel Rodríguez-Pascua)
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ABSTRACTS
Abstracts are in alphabetical order.
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8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
 
Stream channel morphology for the assessment of Quaternary fault segmentation activity along the 

San Ramon fault (Santiago, Chile) 
 

Abrahami, Rachel (1), Vargas, Gabriel (1) Ammirati, Jean-Baptiste (1), Rebolledo, Sofía (1) 
 

(1)    Departamento de Geología, Universidad de Chile, Plaza Ercilla 803, Santiago, Chile, rabrahami@ing.uchile.cl 
 
 
Abstract: The San Ramón fault is an active west-vergent thrust fault system located along the eastern border of Santiago, capital 
city of Chile, at the foot of the western slope of the main Andes Cordillera (Armijo et al., 2010). It is formed by N-S to NNW-
striking fault segments evidenced by conspicuous Quaternary fault scarps disrupting alluvial sediments of the piedmonts units. 
Paleoseismological observations revealed two last large episodes with superficial rupture in the past 17–19 k.y, demonstrating 
active tectonic growth of the western flank of the Andes. We apply stream profile analysis as an exploratory tool in a region 
lacking data in order to identify the structure responsible for the seismic hazard. As preliminary results we proved the probable 
existence of several segments of the San Ramón fault, south and east of Santiago city. 
 
Key words: San Ramon Fault, Santiago de Chile, Stream channel analysis, Geomorphology  
 
 
INTRODUCTION 
 
The San Ramón fault is a kilometric crustal-scale west-
vergent thrust fault system, located east of the highly 
populated city of Santiago at the piedmont of the main 
Andean Cordillera in central Chile (Fig.1). The structural 
system is constituted by segments of 10-15 km length, 
evidenced by pronounced 4 m to more than 100 m high 
scarps systematically located along the fault trace that 
affect Quaternary piedmont units, suggesting slip rate on 
the order of ~0.4-0.5 mm/year (Armijo et al., 2010; Rauld, 
2011). Recent paleoseismological study reveals evidence 
of large intraplate earthquakes in the past 17–19 k.y, 
demonstrating active tectonic growth of the western flank  
 

 
of the Andes and implying increased seismic risk for the city 
of Santiago (Vargas et al., 2016, 2014). 
 
The current knowledge of the extent of the San Ramón fault 
is very limited. The aim of this study is to evidence news 
segments of the San Ramón fault using geomorphological 
analysis. The preliminary results show that stream profile 
analysis can be used as an exploratory tool to evidence 
probable segments of the San Ramón fault. We identified a 
few probable segments of the San Ramon Fault south and 
east of Santiago, evidenced by the presence of knickpoints 
and high channel steepness values. 
 

 
Figure 1: Tectonic and geomorphologic context of the San Ramón Fault at the eastern border of Santiago, capital city of Chile. San Ramón Fault 
is a part of a major tectonic system, the West Andean Thrust, located at the western border of the main Andes Cordillera (Armijo et al., 2010). 
Star shows the location of paleoseismological trenches excavated across a prominent young fault scarp (Vargas et al. 2014). 
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Abstract: The San Ramón fault is an active west-vergent thrust fault system located along the eastern border of Santiago, capital 
city of Chile, at the foot of the western slope of the main Andes Cordillera (Armijo et al., 2010). It is formed by N-S to NNW-
striking fault segments evidenced by conspicuous Quaternary fault scarps disrupting alluvial sediments of the piedmonts units. 
Paleoseismological observations revealed two last large episodes with superficial rupture in the past 17–19 k.y, demonstrating 
active tectonic growth of the western flank of the Andes. We apply stream profile analysis as an exploratory tool in a region 
lacking data in order to identify the structure responsible for the seismic hazard. As preliminary results we proved the probable 
existence of several segments of the San Ramón fault, south and east of Santiago city. 
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INTRODUCTION 
 
The San Ramón fault is a kilometric crustal-scale west-
vergent thrust fault system, located east of the highly 
populated city of Santiago at the piedmont of the main 
Andean Cordillera in central Chile (Fig.1). The structural 
system is constituted by segments of 10-15 km length, 
evidenced by pronounced 4 m to more than 100 m high 
scarps systematically located along the fault trace that 
affect Quaternary piedmont units, suggesting slip rate on 
the order of ~0.4-0.5 mm/year (Armijo et al., 2010; Rauld, 
2011). Recent paleoseismological study reveals evidence 
of large intraplate earthquakes in the past 17–19 k.y, 
demonstrating active tectonic growth of the western flank  
 

 
of the Andes and implying increased seismic risk for the city 
of Santiago (Vargas et al., 2016, 2014). 
 
The current knowledge of the extent of the San Ramón fault 
is very limited. The aim of this study is to evidence news 
segments of the San Ramón fault using geomorphological 
analysis. The preliminary results show that stream profile 
analysis can be used as an exploratory tool to evidence 
probable segments of the San Ramón fault. We identified a 
few probable segments of the San Ramon Fault south and 
east of Santiago, evidenced by the presence of knickpoints 
and high channel steepness values. 
 

 
Figure 1: Tectonic and geomorphologic context of the San Ramón Fault at the eastern border of Santiago, capital city of Chile. San Ramón Fault 
is a part of a major tectonic system, the West Andean Thrust, located at the western border of the main Andes Cordillera (Armijo et al., 2010). 
Star shows the location of paleoseismological trenches excavated across a prominent young fault scarp (Vargas et al. 2014). 
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METHODOLOGY 
 
Stream profile analysis 
Among the geomorphic indicators, stream longitudinal 
profiles are considered to be very sensitive to regional tectonic 
uplift rates (Holbrook & Schumm, 1999, Burbank & Anderson, 
2001). Steady-state rivers show concave-upward long profiles 
(equilibrium profile; Hack, 1957), traditionally attributed to 
the inverse discharge-slope relationship necessary to 
generate the shear stresses that entrain and move sediment 
(Bull, 1991). Deviation from this condition is usually indicative 
of a transient phase of landscape change, represented by 
knickpoints in the river profile. In this study we test if the 
stream profile analysis can evidence the presence of the fault. 
 
The methodology used for the evaluation of the stream-
profiles analysis in the study area is based on the Flint’s 
empirical power-law equation that relates the local slope 
(S) to the upstream contributing drainage basin area (A): 

S = ks A-θ 

where ks is a steepness index and θ is the stream concavity. 
Increases in the ks values can be related to the presence of 
anomalous uplift rates or a more general reduce in the 
erosional efficiency (Snyder et al., 2000; Kirby & Whipple, 
2001; Vanlaningham, Meigs & Goldfinger, 2006). Thus for 
the same upstream area, the slope of a channel 
experiencing a high uplift rate is higher than the slope of a 
channel experiencing low uplift rate. Then we determined 
a normalized steepness index (ksn) for the individual 
segments using a reference concavity commonly used 

value in a wide range of geomorphic settings (Wobus et al., 
2006, θref = 0.45). 
 
Digital Elevation Model (DEM) and software 
Quantitative topographic metrics are extracted from a DEM 
with a resolution of 9 m. We use the software ArcGIS together 
with the open source, freely accessible Stream Profiler code 
(Matlab) (http://geomorphtools.geology.isu.edu/tools.htm) 
for this analysis. 
 
RESULTS AND INTERPRETATION 
 
We present in Figure 2 the current known extent of the San 
Ramón fault with the results of slope, knickpoints and 
geographical distribution of the ksn values. 
 
In first order we can say that the current trace of the San 
Ramón fault matches with higher slope and channel 
steepness values. Increase of channel steepness values can 
be related to the presence of anomalous uplift rates. 
Moreover, all the studied streams present knickpoints 
around the edge of the trace of the fault. All these 
parameters support the existence of the trace of the San 
Ramón Fault east to Santiago. Thus it is possible to use this 
geomorphological parameter (the slope) and stream 
profiles analysis as exploratory tools to map fault trace in 
an urbanized region lacking data (e.g. GPS, datation). 
 
In the studied area, we also observed knickpoints and high 
slope values, which seem to be linked to human activity 
such as constructions of canals or highways. 

 
Figure 2: Slope analysis (A) and steepness channel value (B) close to the trace of the San Ramon Fault. Knickpoints are indicated by circles. Arrows 
(A) display the important slope along the trace of the fault. Green ellipses indicate knickpoints resulting from anthropogenic activity. (C.) 
Overview of the studied area. (D) An example of a stream longitudinal profile. Smoothed elevation is in pink. The dark blue lines are the profiles 
predicted by the regressed channel concavity. The cyan lines are for the specified reference concavity. The plusmarks along the profile indicate 
the locations of user-specified knickpoint positions. 
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In addition to the knickpoints linked to the trace of the San 
Ramón fault, upstream and sometimes downstream, 
additional knickpoints are observed (Fig.2). They are together 
with high channel steepness values while no change in the 
lithology is reported. We propose as preliminary result that 
they can reveal undiscovered strands of the San Ramón fault. 
 
South of Santiago, the extent of the San Ramón fault has 
not been investigated yet. We used the stream profile 
analysis to look for any evidence, which could reveal 
geomorphological expressions of the fault at the surface. 
 
High channel steepness values are identified at the 
mountain front in the Maipu river (Fig.3). These values may 
result from reduced erosional efficiency due to the presence 

of Miocene Granites. Few knickpoints have been observed 
in the direct continuation of the current trace of the San 
Ramón fault. As no other knickpoints have been observed 
near the mountain front, we relate them to the potential 
ending of this segment of the fault. 
 
Geographical distribution of the ksn values shown in Figure 3 
presents high values near the moutain front. These values are 
linked to the change in lithology between Miocene Granite, 
the Tertiary Abanico Formation and the Alluvial deposits in the 
piedmont as well as to the change in the river regime. 
 
However high channel steepness values are also observed in the 
western part of the studied area. Moreover the highest channel 
steepness values (purple rectangular in Figure 3 A.B. and D) are 

 
Figure 3: Slope analysis (A) and steepness channel value (B) close to the trace of the San Ramón Fault. Knickpoints are indicated by circles. (C) 
Overview of the studied area. (D) A graph represents the latitudinal distribution of the channel steepness values. Two peaks are observed, one 
around the mountain front and the second one westward. 
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In addition to the knickpoints linked to the trace of the San 
Ramón fault, upstream and sometimes downstream, 
additional knickpoints are observed (Fig.2). They are together 
with high channel steepness values while no change in the 
lithology is reported. We propose as preliminary result that 
they can reveal undiscovered strands of the San Ramón fault. 
 
South of Santiago, the extent of the San Ramón fault has 
not been investigated yet. We used the stream profile 
analysis to look for any evidence, which could reveal 
geomorphological expressions of the fault at the surface. 
 
High channel steepness values are identified at the 
mountain front in the Maipu river (Fig.3). These values may 
result from reduced erosional efficiency due to the presence 

of Miocene Granites. Few knickpoints have been observed 
in the direct continuation of the current trace of the San 
Ramón fault. As no other knickpoints have been observed 
near the mountain front, we relate them to the potential 
ending of this segment of the fault. 
 
Geographical distribution of the ksn values shown in Figure 3 
presents high values near the moutain front. These values are 
linked to the change in lithology between Miocene Granite, 
the Tertiary Abanico Formation and the Alluvial deposits in the 
piedmont as well as to the change in the river regime. 
 
However high channel steepness values are also observed in the 
western part of the studied area. Moreover the highest channel 
steepness values (purple rectangular in Figure 3 A.B. and D) are 

 
Figure 3: Slope analysis (A) and steepness channel value (B) close to the trace of the San Ramón Fault. Knickpoints are indicated by circles. (C) 
Overview of the studied area. (D) A graph represents the latitudinal distribution of the channel steepness values. Two peaks are observed, one 
around the mountain front and the second one westward. 
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located in almost the same latitude as the hill right north to 
the Maipu River. The lithology of this hill has not been 
described in the bibliography and must be investigated. 
However, we can interpret as a preliminary result that this hill 
may be a fault scarp. It would represent a new segment of the 
San Ramon fault westward of the one already described. 
 
Regarding the northern part of the studied area (north of 
Santiago - Fig.4), it is hard to make any interpretation of 
the geomorphological changes of the stream. Indeed, this 
area display a lot of alluvial deposits such as terraces, 
which can have climatic and/or tectonic origin and can 
induce knickpoints. A geomorphological map of the area 
and field trip studies should be done. 
 
We finally present all the results of this study in Figure 4. 
East of Santiago the trace of the San Ramón fault has been 
completed. This fault ends near the mountain front slightly 
south to the Maipu River. 

 
Figure 4: Geological map of the entire studied area with the trace 
of the San Ramón fault as mapped in the previous studies and in 
this study in dotted line. 
 
Conclusion 
 
The aim of this study was to examine the segmentation and 
the possible extension of the San Ramón Fault around 
Santiago. We showed that in a context of intensive 

urbanization and without any quantitative data (e.g. 
differential GPS, surface dating), the study of geomorphologic 
parameters such as the slope or stream profile analysis brings 
a good first approach to reveal new fault segments and may 
guide future exploration. The geographical distribution of the 
ksn values in the study area and/or the localisation of the 
knickpoints (Fig.4) reveal: 1) a probable segment of the fault 
south of Santiago, crossing the Maipo River and 2) other 
strands along the current San Ramón fault trace. 
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Abstract: Along one of the straightest and narrowest sections of the San Andreas Fault in the Carrizo Plain, between Wallace 
Creek and Bidart Fan, is a secondary fault that cuts late Holocene sedimentary deposits. We excavated two paleoseismic trenches 
across this fault trace to confirm prior surface rupture and investigate recency and style of deformation. Trenches revealed 
distinct stratigraphy which included fissures, upward termination of faults, vertical apparent offset, lateral unit thickness 
changes, and colluvium wedges, exposing evidence for at least five, and possibly six, surface rupturing earthquakes. Calibrated 
radiocarbon dates from accelerator mass spectrometer analysis of detrital charcoal indicate that these five earthquakes 
occurred since ~2,900 B.C. The two youngest ruptures occurred within the last 1650 years (since ~360 A.D.) with the most recent 
rupture presumed to have occurred in 1857. Compared to the paleoseismic record at the Bidart Fan site, which is approximately 
350 m to the SW, almost all of these earthquakes (with the possible exception of the MRE) are much older, and if the record of 
ruptures is complete, the recurrence intervals are an order of magnitude longer than the main strand of the San Andreas (< 100 
yrs vs. 900 yrs). A small ephemeral inner fan channel approximately 2 m wide and 0.5 m deep with a very sharp right-lateral 
bend is interpreted to have been displaced during 1857 Fort Tejon earthquake and contributed approximately 1.5 m of slip to 
the main displacement that occurred along the main strand. Whether this secondary strand ruptures only during large 
magnitude earthquakes, or earthquakes with nearby epicenters, or only during ruptures with a particular rupture directivity 
remain to be resolved with future investigations. 
 
 



8TH INTERNATIONAL PATA DAYS 2017                           PROGRAMME21

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
 

Geomorphic and Paleoseismic Investigation of a Prominent Secondary Strand of the San Andreas 
Fault in the Carrizo Plain: Implication for Rupture Complexity 

 
Akciz, S. (1) and Grant Ludwig, L. (2) 

 
(1)    California State University Fullerton. sakciz@fullerton.edu  
(2)    University of California, Irvine 
 
 
Abstract: Along one of the straightest and narrowest sections of the San Andreas Fault in the Carrizo Plain, between Wallace 
Creek and Bidart Fan, is a secondary fault that cuts late Holocene sedimentary deposits. We excavated two paleoseismic trenches 
across this fault trace to confirm prior surface rupture and investigate recency and style of deformation. Trenches revealed 
distinct stratigraphy which included fissures, upward termination of faults, vertical apparent offset, lateral unit thickness 
changes, and colluvium wedges, exposing evidence for at least five, and possibly six, surface rupturing earthquakes. Calibrated 
radiocarbon dates from accelerator mass spectrometer analysis of detrital charcoal indicate that these five earthquakes 
occurred since ~2,900 B.C. The two youngest ruptures occurred within the last 1650 years (since ~360 A.D.) with the most recent 
rupture presumed to have occurred in 1857. Compared to the paleoseismic record at the Bidart Fan site, which is approximately 
350 m to the SW, almost all of these earthquakes (with the possible exception of the MRE) are much older, and if the record of 
ruptures is complete, the recurrence intervals are an order of magnitude longer than the main strand of the San Andreas (< 100 
yrs vs. 900 yrs). A small ephemeral inner fan channel approximately 2 m wide and 0.5 m deep with a very sharp right-lateral 
bend is interpreted to have been displaced during 1857 Fort Tejon earthquake and contributed approximately 1.5 m of slip to 
the main displacement that occurred along the main strand. Whether this secondary strand ruptures only during large 
magnitude earthquakes, or earthquakes with nearby epicenters, or only during ruptures with a particular rupture directivity 
remain to be resolved with future investigations. 
 
 



PROGRAMME                          8TH INTERNATIONAL PATA DAYS 201722

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
 

Post-earthquake rapid assessment using Unmanned Aircraft Systems (UAS) and GIS online 
applications: the case of Vrissa settlement after the 2017 June 12, Mw 6.3 Lesvos earthquake 

(North Aegean Sea, Greece) 
 

Antoniou, Varvara (1), Andreadakis, Emmanouil (1), Mavroulis, Spyridon (1), Spyrou, Nafsika-Ioanna (1), Skourtsos, Emmanuel (1), Lekkas 
Efthymios (1), Carydis, Panayotis (2) 

 
(1)    Department of Dynamic Tectonic Applied Geology, Faculty of Geology and Geoenvironment, School of Sciences, National and 
Kapodistrian University of Athens vantoniou@geol.uoa.gr. 
(2)    National Technical University of Athens. 
 
 
Abstract: Vrissa settlement was devastated by the Mw 6.3 earthquake generated offshore southern Lesvos. A rapid damage 
assessment was implemented during the first post-disaster hours. (a) Building-by-building inspection, upload of points and 
photos of damaged buildings to ArcGIS online platform, so that all interested agencies have access to critical information, and 
(b) construction of a detailed 3D model of the settlement with the use of UAS and appropriate software were performed. A 
point cloud, a mosaic orthophotomap, a Digital Surface Model, a Digital Terrain Model and a 3D model of the settlement were 
created. Objects were isolated and large trees, poles, etc. were excluded, resulting in a raster containing all building surfaces, 
edited manually thereafter. Damage assessment was re-run applying field observations, and editing errors of the field work. 
The products involve detailed topography with and without objects, vulnerability class polygons and damage grade for further 
processing and application of EMS-98. 
 
Key words: drones, UAS, GIS online, earthquake, damage assessment. 
 
 
INTRODUCTION 
 
Vrissa settlement was the most affected by the Mw 6.3 
earthquake generated offshore southern Lesvos (North 
Aegean Sea, Greece, June 12 2017). Being further inland 
from the epicentre than other settlements with less damage, 
Vrissa seemed like an impact paradox. Moreover, first 
reports referred to major destruction at the local scale. Thus, 
a rapid damage assessment with the highest possible detail 
was implemented during the first post-disaster hours, as 
follows: (a) Building-by-building inspection, upload of points 
and photos of damaged buildings to ArcGIS online platform, 
so that all interested agencies have access to critical 
information (http://arcg.is/2sPnlrf) and (b) Construction of a 
detailed 3D model of the settlement with the use of UAS (DJI 
Phantom 4 Pro) and appropriate software (Pix4D) were 
performed in order to capture all impacts with maximum 
accuracy before any intervention of competent civil 
protection agencies. Field observations were readily available 
for first remarks about damage distribution, in addition to 
preliminary mapping (Lekkas et al., 2017). At first sight, it was 
apparent that local intensity at Vrissa had a higher scale of 
damage than the rest of the meizoseismal area, and the 
earthquake was devastating for this settlement. For this 
reason, it was decided to study the area in the greatest 
possible detail, and quantify all damage so that reliable 
conclusions would be drawn about local intensity. 
 
In recent years, there has been a transition of remote 
sensing applications for disaster management, from 
satellite imagery to UAV (UAS) acquired imagery, from 
monitoring to impact assessment, to Search and Rescue, 
etc. Tiered reconnaissance has been implemented as 

early as in the 2003 Iran (Bam) earthquake and the Indian 
tsunami of 2004, for regional (Tier 1), neighbourhood 
(Tier 2) and per-building (Tier 3) scales (Ghosh et al., 
2007). Drones, UAV or UAS (Unmanned Aircraft Systems) 
can be very useful for Tiers 2 and 3, because they can be 
rapidly deployed, explicit and fly on demand. Apart from 
SAR operations, and especially in the case of disaster 
impact assessment, UAS have become increasingly 
popular and effective in many case studies concerning 
hydro-meteorological disasters e.g. hurricanes and 
typhoons (Lessard-Fontaine et al., 2016), or earthquakes 
(Dell’Acqua & Gamba, 2012; Erdik et al., 2014) while 
background and thorough studies have been published 
(Fernandez Galarreta et al., 2015). Herewith an 
application of online GIS and UAS deployment was put 
into action for rapid damage assessment in a rather small 
area of a Greek island hit by an earthquake with extreme 
local intensity characteristics. 
 
MATERIALS AND METHODOLOGY 
 
Online GIS 
A Geographical Information System, ArcGIS platform 
from ESRI Company, with both desktop and online 
applications, was used to accomplish this study. The 
creation of information layers, including existing and 
new data, has been performed through ArcMap v. 10.5 
software (“ArcGIS for Desktop – ArcMap,” n.d.). In 
addition, ArcGIS Online has been used for the creation 
of the online map (webmap) on which collected data 
would be presented. Finally, Collector for ArcGIS, 
(“ArcGIS Collector,” n.d.), both compatible with Android 
and iOS, has been used for the data collection. This 
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apparent that local intensity at Vrissa had a higher scale of 
damage than the rest of the meizoseismal area, and the 
earthquake was devastating for this settlement. For this 
reason, it was decided to study the area in the greatest 
possible detail, and quantify all damage so that reliable 
conclusions would be drawn about local intensity. 
 
In recent years, there has been a transition of remote 
sensing applications for disaster management, from 
satellite imagery to UAV (UAS) acquired imagery, from 
monitoring to impact assessment, to Search and Rescue, 
etc. Tiered reconnaissance has been implemented as 

early as in the 2003 Iran (Bam) earthquake and the Indian 
tsunami of 2004, for regional (Tier 1), neighbourhood 
(Tier 2) and per-building (Tier 3) scales (Ghosh et al., 
2007). Drones, UAV or UAS (Unmanned Aircraft Systems) 
can be very useful for Tiers 2 and 3, because they can be 
rapidly deployed, explicit and fly on demand. Apart from 
SAR operations, and especially in the case of disaster 
impact assessment, UAS have become increasingly 
popular and effective in many case studies concerning 
hydro-meteorological disasters e.g. hurricanes and 
typhoons (Lessard-Fontaine et al., 2016), or earthquakes 
(Dell’Acqua & Gamba, 2012; Erdik et al., 2014) while 
background and thorough studies have been published 
(Fernandez Galarreta et al., 2015). Herewith an 
application of online GIS and UAS deployment was put 
into action for rapid damage assessment in a rather small 
area of a Greek island hit by an earthquake with extreme 
local intensity characteristics. 
 
MATERIALS AND METHODOLOGY 
 
Online GIS 
A Geographical Information System, ArcGIS platform 
from ESRI Company, with both desktop and online 
applications, was used to accomplish this study. The 
creation of information layers, including existing and 
new data, has been performed through ArcMap v. 10.5 
software (“ArcGIS for Desktop – ArcMap,” n.d.). In 
addition, ArcGIS Online has been used for the creation 
of the online map (webmap) on which collected data 
would be presented. Finally, Collector for ArcGIS, 
(“ArcGIS Collector,” n.d.), both compatible with Android 
and iOS, has been used for the data collection. This 
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application gives the opportunity to collect and update 
spatial and descriptive data through mobile devices 
(tablets or smartphones) on pre-set base maps. It was 
selected for its functional characteristics, which are of 
high importance in rapid assessment. During field 
research in Vrissa, the team uploaded locations and 
photos of damage to Collector for ArcGIS, which were 
accessible to the public and all interested parties 
(researchers, authorities, the press, etc.) as an ongoing 
update via an ESRI Story Map configured for this 
purpose (Figure 1). 

 
Figure 1: Through ESRI Basic Story Map collected locations of 
damaged buildings and respective photos and videos were made 
available, real time, to the public. 
 
UAS deployment and processing of data 
The type of Unmanned Aircraft System used was a 
Phantom 4 Pro tetracopter by DJI, deployed by the 
research team of the Department of Geology and 
Geoenvironment of the National and Kapodistrian 
University of Athens. Deployment took place starting the 
day after the earthquake, June 13th 2017 and was carried 
out (for Vrissa) during that day. The UAS performed two 
flights designed for 3D modeling, that is, scanning the 
area along two sets of corridors perpindicular to each 
other, at a height of 90m above the ground in the 
research area. Moreover, real-time streaming of video 
was transmitted via YouTube so that an overview could 
be obtained by interested viewers. 
 
The flight areas were overlapping so that they would be 
intercalibrated (Figure 2). 440 images of Vrissa were 
acquired, and they were input for processing in the 
Pix4DMapper Pro software. Processing in Pix4D 
software created a point cloud, a Digital Surface Model 
(Figure 3), a Digital Terrain Model (Figure 4), a mosaic 

orthophoto map (Figure 5) and a 3D model of the 
settlement. The difference between the two raster 
surfaces, DSM and DTM, is the recognized objects: trees, 
buildings, cars, etc. The settlement is a traditional village 
over a century old, also declared as preservable by the 
government. This means that architecture is uniform 
throughout, and buildings have a certain type and form. 
This uniformity essentially enables the categorization of 
objects into three groups, the ranges of building heights, 
and the shorter and taller ones. After subtracting DTM 
from the DSM, the resulting raster (Figure 6) contained 
only recognizable objects, which were then grouped into 
the three mentioned groups, and more specifically, 
building range between 2.5m and 10.7m tall, shorter 
and taller. In order to refine and reassess damage 
grades, all objects above ground surface were isolated. 
Then, adjusting the histogram of the objects raster, 
large trees, poles, etc. were excluded, resulting in a 
raster containing all building surfaces and some of the 
trees, which were then converted to polygons in 
ArcMap v. 10.5 and finally edited manually. 

 
Figure 2: Camera positions during the flights of the DJI Phantom 4 
Pro over Vrissa village, deployed on June 13th (the day after the 
earthquake). 
 
Damage assessment was re-run on final building 
polygons, applying field observations, but also editing 
errors of the field work, revisiting the site through 3D 
model and with use of all footage available for any 
point on demand. Field observations were then 
assigned to the new polygons, while a review of 
damage grade and vulnerability class took place, using 
all 440 images. Once for every point of the model 
there is a number of images from different angles, field 
observations were actually supplemented by aerial 
observations. 
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Figure 3: Digital Surface Model (processed with Pix4D Mapper 
Pro software). 
 
 

 
Figure 4: Digital Terrain Model (processed with Pix4D Mapper Pro 
software). 
 

 
Figure 5: Orthophoto Map (orthomosaic) processed with Pix4D 
Mapper Pro Soft software. 
 
 

 
 

Figure 6: Classified object raster into three categories (lower than 
building range-green, building range-yellow and higher than 
building range-green). 
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RESULTS 
 
The resulting damage assessment is shown in the last two 
figures. This detail and spatial distribution allows for 
calculations of damage grade percentages and 
classification of areas with similar statistics of damage 
grade, and zonal application of the EMS98 intensity scale 
(Grünthal, 1998) in the area. Herewith, classification of 
buildings according to the EMS 98 vulnerability classes is 
presented (Figure 7). Because the majority of buildings 
(>99%) belong to C Class, a map presenting damage grade 
of C class vulnerability buildings is shown (Figure 8). Most 
of the high grade damage is concentrated in the flat 
northwestern part of the village, consisting of loose 
alluvial sediments, along the terraces of the nearby river 
(visible at the north part of all maps). Application of EMS 
98 for intensity map follows in next paper. 

 
Figure 7: Final edit of building polygons, according to the EMS98 
vulnerability classes. 

 
Figure 8: C Class building damages in Vrissa over the DSM hillshade. 
 

CONCLUSIONS - DISCUSSION 
 
Neighbourhood and building by building scale damage 
assessment can be made quite rapidly with the aid of 
online GIS and UAS. Acquisition of a detailed model of the 
site along with DSM, DTM, orthomosaic and numerous 
oblique aerial images helps rapid evaluation and savings 
of a lot of data immediately after the disaster, for further 
and more thorough processing. Depending on the 
equipment and the operations at the site, weather and 
obstruction of aerial aid can be an issue. It has to be 
noted that be it research or emergency operations, safety 
comes first, so all safety regulations must be respected, 
otherwise scientific and operating personnel could be put 
in danger. All air traffic at disaster sites must be declared, 
licensed and monitored by the authorities. 
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Abstract: The Chilean Central High Andes between 33° and 34°S is an active mountain range. At the continental intraplate zone, 
crustal faults are partially responsible for recent and current uplift of this orogen. These crustal structures are potential seismic 
sources that threaten nearby populated cities. The objective of this work is to identify active crustal faults using remote sensing 
and field work to further determine the potential seismic hazard for Santiago. Fault rocks such as gouge, cataclasite and breccia, 
as well as geomorphic features, like fault scarps and lineament have revealed previously un-identified active crustal faults in the 
western flank of the central Andes and also extend some previous fault traces. 
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INTRODUCTION 
 
Santiago de Chile it´s at approx. 500 m above sea level to 
the west of the Andean mountain range that are up to ~ 
7,000 m here in the Central High Andes. Important shallow 
seismicity characterized the intraplate cordilleran area 
(Barrientos et al., 2004). These seismic events along crustal 
faults contribute to the uplift of the orogenic belt and 
modification of the mountain relief. Unfortunately, the 
ground shaking related to earthquakes at shallow depths 
could be very dangerous and can also trigger large 
landslides. To reduce the associated risk of these natural 
disasters, the need to characterize the earthquake 
potential of individual faults is of importance during a 
seismic hazard analysis. 
 
Numerous crustal faults are located near Santiago, but only a 
few were proven as active Quaternary structures (Figure 1). 
Lavenu and Cembrano (2008) show geological evidence south 
of San José de Maipo of a fault deforming a quaternary fluvial 
terrace of de Maipo River.  Other works show that the San 
Ramon Fault is a reverse west verging active crustal structure 
just at the foothills of the Andean mountain front (e.g. Armijo 
et al., 2011; Rauld Plott, 2011; Vargas et al., 2014). Seismic 
hazard analysis demonstrated that the San Ramon Fault it is 
an important source for geological hazards (Perez et al., 2014; 
Estay et al., 2016). 
 
Although the San Ramon Fault appears to be an active 
structure, what other faults that may be active here? 
Because of the geodynamic of this subduction margin and 
the present day cordilleran structural style, we expect to 
find others structures that contribute to the present 
elevation and topography of the Central Andes, similar as 
the San Ramon Fault. 
 
This work shows the preliminary result of a neotectonic 
study that present evidence of active faults as potentially 
seismic sources. 

 

 
Figure 1: Compiled structure map of the Metropolitan Region. Own 
elaboration. Green box show Lo Barnechea, red box shows Vargas 
et al. (2014) trench and blue box shows Lavenu and Cembrano 
(2008) fault. 
 
RESULTS 
 
Compilation map of structures shows concentrations of 
reverse faults in both flanks of the Chilean Andes (Fig. 1). 
 
Looking for a possible prolongation of the San Ramon Fault 
system to the north, field work in the Estero Arrayan, shows 
a clear 2 m wide fault zone striking 290°/70N, characterised 
by fault rocks including gouge, beccia, and cataclasite. This 
fault shows rocks of the Abanico Formation (late Eocene to 
early Oligocene) in both sides of the fault with different 
dipping beds (Fig. 2). Regional topographic expressions 
suggest a reverse (up to the north) mechanism for this fault. 
We will name this as the “El Arrayan Fault”. 
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Figure 2: Outcrop interpretation of the fault in Lo Barnechea which 
shows a reverse SW verging fault (up to the North). 
 
In Lo Barnechea, in order to investigate the surface 
expression of this fault, a slope map, created in ArcMap 
using a 12 m spatial resolution DEM from ALO SPALSAR 
(Fig.3), and topographic profiles in Google Earth (Fig.4), 
shows drastically slope changes (around 3-7°) alienated in a 
WNW-ESE direction. The profiles P2, P3 and P4 are located 
on an alluvial fan of quaternary age (Wall et al., 1999). 

 
Figure 3: a) Image showing the location of the topographic profiles 
done in Lo Barnechea. B) Slope map of Lo Barnechea and 
topographic profiles. Color arrows show the slope breaks location. 
Alienated features are marked by arrows of the same color. 
 
About 60 km to the north of Santiago, at the eastern limit 
of the Central Depression of Los Andes-San Felipe, it is 
possible to observe the surface expression of the Cariño 
Botado Fault (Troncoso, 2015; Fig 3a). New field mapping 
shows a west verging reverse fault with Abanico Formation 
bedrock thrust over Quaternary allivum north of the Estero 
San Francisco, dipping 45° to the East. Gouge, breccia, and 
cataclasite are evidence of the fault here. 3D structural 
from motion (SfM) model was created by Argisoft based on 
drone aerial photographs, in order to better quantify the 
topographic features. The fault throw calculated is of 
about 2.5 m (Fig. 5b), based on the SfM. This model shows 
a 2-3 m topographic scarp aligned with the fault exposure 
north of the Estero San Francisco (Fig. 5c). 

 

 
Figure 4: Detailed topographic profiles. 
 
DISCUSSION 
 
In lo Barnechea the outcrop of the “El Arrayan Fault” it is 
along strike whit the geomorphological lineaments present 
in the topographic profiles, suggesting a relationship 
between both features. The numerous slope breaks 
suggest that possibly more than one fault is responsible for 
the deformation observed, so we proposed that the 
drastically 3°-7° slope changes are fault scarps linked to 
activity of multiple splays of what should be “El Arrayan 
Fault system”, which has a length of at least 5 km. The 
quaternary age of the deformed alluvial fan evidence the 
recent activity. 
 
The fault outcrop as well as the fault scarp located to the 
north of the northern end of the Cariño Botado Fault 
proposed by Troncoso (2015), suggests that the quaternary 
activity of the fault trace continuous to the north. 
Additional field work and morphometric analysis aims to 
better determine the full length of the fault trace. 
 
These preliminary new results show that other faults in the 
region around Santiago appear to be active. The El Arrayan 
Fault system, as a first approximation, should be included in 
future seismic hazard models for Santiago because of it is 
located in the NE corner of the city, in particular, just beneath 
the Lo Barnechea, whit a population of 97.230 habitants. 
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Figure 3: a) Cariño Botado fault trace near Los Andes. b) Outcrop 
photograph and interpretation of the Cariño Botado Fault. Photo 
shows overthrusting of rocks of the Abanico Formation over 
Quaternary alluvium (up to the east), hammer in Qal as scale. c) 
Sfm 3D model looking to the SE SfM, showing the slope changes in 
black lines. 
 
 

 
CONCLUSIONS 
 
These preliminary new results show that previously 
unidentified faults in the region around Santiago appear to 
be active. The El Arrayan Fault system, as a first 
approximation, should be included in future seismic hazard 
models for the City of Santiago because of it is located in 
the NE corner of the city, along the range front of the 
Andes and an event here would be well-situated to trigger 
landslides that may impact people and infrastructure. 
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Abstract: Geological Survey of Japan/AIST conducted paleoseismological trench surveys on the Hinagu fault zone before and 
after 2016 Kumamoto earthquake. Through the recent trench survey trench on the Takano-Shirahata segment, we reveal a 
~15,000 years paleoearthquake history including 5 faulting events. The Recurrence interval of 3100-2800 yrs, and the long-
term average uplift rate of 0.15-0.19 m/kyr were estimated. Coincidence of last events at Takaki, Yamaide, and Minamibeta 
suggests Takano-Shirahata segment and north of the Hinagu segment moved together at that time. We have also conducted 
trench and boring survey at Minamibeta area, Ogawa Town, Uki City. The latest event is estimated between 1948 to 1078 
cal yBP. The average vertical displacement is about 0.4mm/yr. The latest activity of the Hinagu segment has been possibly 
occurred simultaneously with the adjacent Takano-Shirahata and Yatsushiro sea segment. In order to review the 
segmentation and simultaneous activity, it is necessary to do the field survey in the southern part of the Hinagu segment 
where is a blank area of field investigation. 
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Abstract: The Upper Rhine Graben is a large N-S structure inherited from the Oligo-Miocene extensional phase in Europe. It is 
now a moderately active area with steady seismicity (up to ca. M5) and strong historical events (M6.5+). To date, few studies 
have documented the paleoearthquake history of the structures that bound the graben, while the area encompasses critical 
facilities in a vulnerable region (dense population, agriculture, mining, geothermal facilities). Our project aims to fill this gap of 
knowledge in large and infrequent earthquakes, through a paleoseismological investigation of eastern side faults. Due to 
unfavourable conditions in terms of climate, low slip rates and high erosional/sedimentary rates, and human occupancy 
achieving this goal requires the use of a series of preliminary techniques to select appropriate trenching sites. We (will) use 
shallow and sub-surface geophysics (seismic reflection, electrical tomography, georadar), high-resolution LiDAR-derived DEM, 
shallow drilling and geological mapping. Here, we present the preliminary analysis of geophysical and geomorphological data 
that provide hints on potentially relevant places for future trenching (Karlsruhe, South Freiburg). 
 
Key words: Paleoseismicity, Geomorphology, Shallow and Sub-surface geophysics, Central Europe. 
 
 
INTRODUCTION 
 
Characterizing seismic hazard at low probabilities of 
occurrence in moderately active areas requires information 
on the prehistoric earthquake recordings, beyond the 
duration of catalogues. 
 
The Upper Rhine Graben (URG), and especially its southern 
section, has a significant network of potentially hazardous 
installations in a densely populated area and a vulnerable 
socio-economic environment (agriculture). Geological 
investigations are required to assess the safety of these 
facilities. Surprisingly, this region has rarely been 
investigated in terms of neotectonics and especially 
paleoseismicity: the most striking and successful studies 
were performed in the southernmost Basel region 
(Meghraoui et al. 2001) and along the western side of the 
URG (Strasbourg area: Lemeille et al., 1999; Mainz zone: 
Peters et al. 2005). 
 
The primary objective of our project is to provide the first 
evaluation of paleoseismic activity of the fault(s) that 
bound the URG to the East. For this purpose, we are using 
complementary techniques to identify the best sites for 
trenching. The techniques include re-processing existing 
seismic lines, performing shallow geophysics, interpreting 
LiDAR data and geological maps, etc. Here are some of the 
preliminary results. 
 
STRUCTURAL AND TECTONIC CONTEXT 
 
Two European projects, EUCOR-URGENT (see International 
Journal of Earth Sciences Special Issue Volume 94, Issue 4, 
September 2005) and GeORG (http://www.geopotenziale.org/), 
provide geological framework, tectonic history and 
structure of the URG. 

The URG is an inherited extensional mega-structure 
which formed, together with the Bresse (BG) and 
Limagne (LG) Grabens, the continental part of the Central 
European Cenozoic Rift System. Extension has stretched 
the crust over 5 km during the Oligo-Miocene times. 
 
The Upper Rhine Graben provided accommodation 
space for deposition and preservation of Tertiary 
sediments (max. 5000 m in the northern part, around 
and north of Karlsruhe; 2500 m south of Freiburg) and 
is intensely sliced by post-Tertiary NNE-SSW faults. The 
internal parts of the URG include significant salt-bearing 
layers, giving rise to diapirs. Plio-Quaternary alluvial 
deposits are ~1000 m thick north of Karlsruhe 
(Mannheim), but only 250 m south of Freiburg. On the 
eastern side of the URG, alongside the Main Eastern 
Border Fault (also called Black Forest Fault in southern 
URG), Tertiary and Plio-Quaternary thickness maps 
suggest the pervasive activity of some “internal” 
structures, such as the Rhine River Fault. Nivière et al. 
(2008) proposed, based on morphological and borehole 
data, that this fault is active (<0.1 mm/a) and could 
generate M6.5+ earthquakes. 
 
The current tectonic regime, with maximum horizontal 
stress striking NW-SE, imposes to the regional faults a 
prominent strike-slip regime, as shown by the focal 
mechanism (e.g. Edel et al., 2006). To date, large-scale 
regional GNSS network provides a maximum budget of 
horizontal deformation which cannot exceed 0.5 mm/y 
across the entire graben (Nocquet et al., 2012). The 
combined geodetic data (GNSS, InSAR and levelling) suggest 
local relative displacement in the order of 0.3 mm/y along 
the URG eastern border (Fuhrmann et al. 2015). 
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the crust over 5 km during the Oligo-Miocene times. 
 
The Upper Rhine Graben provided accommodation 
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is intensely sliced by post-Tertiary NNE-SSW faults. The 
internal parts of the URG include significant salt-bearing 
layers, giving rise to diapirs. Plio-Quaternary alluvial 
deposits are ~1000 m thick north of Karlsruhe 
(Mannheim), but only 250 m south of Freiburg. On the 
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Border Fault (also called Black Forest Fault in southern 
URG), Tertiary and Plio-Quaternary thickness maps 
suggest the pervasive activity of some “internal” 
structures, such as the Rhine River Fault. Nivière et al. 
(2008) proposed, based on morphological and borehole 
data, that this fault is active (<0.1 mm/a) and could 
generate M6.5+ earthquakes. 
 
The current tectonic regime, with maximum horizontal 
stress striking NW-SE, imposes to the regional faults a 
prominent strike-slip regime, as shown by the focal 
mechanism (e.g. Edel et al., 2006). To date, large-scale 
regional GNSS network provides a maximum budget of 
horizontal deformation which cannot exceed 0.5 mm/y 
across the entire graben (Nocquet et al., 2012). The 
combined geodetic data (GNSS, InSAR and levelling) suggest 
local relative displacement in the order of 0.3 mm/y along 
the URG eastern border (Fuhrmann et al. 2015). 
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SELECTING THE RELEVANT TARGETS 
 
To find out the right place(s) for trenches, we have to face a 
human-modified landscape in an active fluvial system: the 
Rhine River is the most powerful fluvial system of Central 
Europe. The sediment budget of this river changed 
drastically around the beginning of Quaternary when the 
URG started to drain the Alps (Preusser, 2008). During its 
most recent history (Late Pleistocene to Holocene), the 
valley floor was occupied by braided to meandering fluvial 
networks revealed in detail by high-resolution LiDAR data. 
Starting in the 19th century the Rhine River became 
progressively channelized to avoid flooding damage in this 
economically growing region. The combination of temperate 
climate, dense vegetation and low fault slip rates, however, 
makes localization of active faults a challenging task. 
 
Our strategy is to develop a sound and robust pre-trenching 
analysis of the landscape and the graben infilling to select the 
appropriate site(s) where we can potentially expect the fault 
to cut surficial deposits. To do so, we first analyse several 
“industrial” seismic lines (on French and German sides) that 
potentially complement the European projects results. In 
addition, we use a very high resolution LiDAR dataset acquired 
by the Baden-Württemberg state, with a pixel resolution of 1 
m and a vertical accuracy of 15 cm. Shallow geophysics 
(ground-penetrating radar (GPR), and electrical resistivity 
tomography (ERT), were also carried out on top of the possible 
fault lines inferred from seismic lines and DEM analyses. 
 
FIRST RESULTS 
 
Thomas et al. (2016) presented preliminary results of 
investigations in the Freiburg area (Denzlingen) during the 
6th PATA Days in Crestone. Several geophysical anomalies 
were inferred, although these sub-surface deformation 
features have no imprint in topography. Other targets 
were also defined and investigated. 

Karlsruhe 
Figure 2 illustrates the optimal resolution of the LiDAR: 
besides human-made features, the LiDAR-derived DEM 
clearly reveals fluvial landforms. On each side of a linear 
scarp (a-b), the fluvial pattern is different, suggesting a 
braided system to the East and a single-channel system to 
the West. The interesting point is that the fluvial landforms 
are obliquely cut by a 5km long and 0.5 to 2m high scarp, 
suggesting a tectonic origin (which needs to be validated 
later-on). Alongside this recent scarp, the LiDAR-derived 
DEM emphasizes hanging valleys between spectacular 
triangular facets along the Black Forest Fault. Even if this 
part of the morphology might be partly inherited from the 
main extensional episode, we suspect that topography 
could have been rejuvenated during the Quaternary. 
 
Freiburg 
In the Freiburg area, we acquired three “industrial” seismic 
lines, two of them imaging the Rhine River fault (Figure 3). 
Shot in the 1980’s, we have re-processed and re-analysed 
them in the framework of the Project. The fault is located in 
the Triassic to Tertiary layers but poor sub-surface resolution 
prevents any sound interpretation of its occurrence in the Plio-
Quaternary layer. The LiDAR-derived DEM of the area suggests 
vertical and horizontal offsets of several features at the 
surface: on Figure 4, the large Staufen alluvial fan is disrupted 
where the fault zone (Rhine River Fault) has been 
geophysically inferred (Figure 3). There also it appears that 
some alluvial-fan related features (such as tiny creeks and 
related slopes) could be displaced in the left-lateral sense. 
During the first months of the study, our team performed 
many GPR and ERT profiles across the projection lines of 
seismic reflection-inferred faults and across the rare scarps, to 
test the possible occurrence of deformation features at the 
ground surface (see Figures 3 and 4). However, most of the 
potential deformation features in the alluvial plain are buried 
beneath shallow sediments and could be difficult to excavate. 

 
Figure 1: Location of the study área in the Central-South part of the Upper Rhine Graben (URG). This paper focuses on two specific zones of the 
study area, namely Karlsruhe (see text and figure 2 for more details) and Freiburg (see text and figures 3 and 4). Zoom in around Freiburg 
shows a set of focal mechanisms, mostly normal and strike-slip small earthquakes. 
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The ERT profile across the Tunsel scarp (Figure 4) 
highlights an anomaly at the top of the slope that could 
match a fault signature. In the Freiburg area, the Tunsel 
scarp could be the best candidate for future trenching. 
 
CONCLUSION & FURTHER STEPS 
 
To improve our understanding of the fault geometry from 
depth to the surface, we plan to reprocess other 
“industrial” seismic lines that were consulted at the 
Baden-Würtemberg geological survey. A new analysis of 
the Plio-Quaternary horizon in the GeORG database, in 
cooperation with the French geological survey (BRGM), 
will be done to check the occurrence of other shallow 
“internal” faults. In cooperation with geophysicists of the 
University of Strasbourg, we plan to carry out light-
equipment high-resolution seismic profiles where surface 
geology (loess) is prone to transfer seismic waves and 
yield sub-surface geometry. These data will complement 
the electrical tomography profiles in order to precisely 
locate the fault at depth and its shallowest tip. 
 
The LiDAR topography is a huge source of relevant data 
that requires analytical time before interpreting the 
landscape (in terms of fluvial dynamics and 
neotectonics). The Tunsel area (Figure 4) is a promising 
site because the fault line seems to be preserved at the 
surface, and is a potentially good place for trenching and 
estimating the horizontal and vertical components of slip 
rate. In this same area, we will analyse the large Staufen 
alluvial fan and its history, through morphological 
analysis, geometrical reconstruction, as well as dating of 
landforms and associated sediments. 
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Figure 2: Nearby Karlsruhe hanging valleys along the Main Eastern Border Fault that bounds the URG to the East suggests “recent” activity. 
Several km inside the basin an outstanding 6 km long and 0.5 to 2 m high scarp (between ‘a’ and ‘b’) undercuts a Late Pleistocene valley fill 
(marked by white numbers and labels; figure adapted from Beckenbach, 2015). Inset shows field aspect in the northern part of the scarp. 
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Figure 2: Nearby Karlsruhe hanging valleys along the Main Eastern Border Fault that bounds the URG to the East suggests “recent” activity. 
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Figure 3: Example of “industrial” seismic line shot in the 1980’s, re-processed and re-analysed in the framework of the Project. This E-W section 
(84NBR105) intersects the Rhine River fault buried beneath the “recent” Rhine alluvium; this buried fault continues to the north and extends 
along the low relief escarpment in the Tunsel-Eschbach area (see figure 4). On the map, we indicate the “anomalies” inferred from deep 
(seismics) and shallow geophysics (ERT, GPR). 
 
 

 
 
Figure 4: Detail of the Tunsel area, where the large Staufen alluvial fan is disrupted by the surface-breaking Tunsel portion of the Rhine River 
Fault. Several drainage features even seem to be left-laterally displaced. An ERT (electrical tomography) profile has been performed, showing 
an anomaly in its westernmost part (top of the slope). B.: outcrops of Jurassic limestones. DEM from 1m-pixel LiDAR data purchased to LGRB, 
Freiburg. 

Fig. 4
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Abstract: Fault Displacement Hazard Assessment is based on empirical relationships from historic fault ruptures. These 
relationships establish the likelihood of co-seismic fault displacements values, for on-fault (i.e. along the primary earthquake 
fault) and off-fault (i.e. distributed surface rupture off the primary rupture) displacements, for a given earthquake magnitude. 
These relationships are useful when trying to predict future fault displacements at, and close to an active fault, when surface 
rupture hazard is expected at a site (for land use planning and/or structural design of infrastructure and critical facilities 
located on, or close to, an active fault line). The current equations are based on sparsely populated datasets, including a 
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surface co-seismic displacements database (SURE) to improve further fault displacements estimations. To date, two workshops 
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Fault Displacement Hazard Analyses (FDHA) aims to evaluate 
the likelihood of co-seismic surface fault displacement, for 
on-fault (i.e. primary/principal earthquake fault) and off-fault 
(i.e. distributed surface rupture off the primary rupture) 
displacements, for a given earthquake magnitude (Youngs et 
al., 2003). FDHA is based on empirical relationships from 
historic fault ruptures (Youngs et al., 2003; Moss and Ross, 
2011; Petersen et al., 2011; Takao et al., 2013). These 
relationships are useful when trying to predict future fault 
displacements at, and close to, an active fault, when surface 
rupture hazard is expected at a site. In particular, these 
equations are useful for land use planning when new housing 
developments are to take place; and structural design of 
infrastructure and critical facilities when they have to be sited 
on, or close to, an active fault line (e.g.., Chen & Petersen, 
2011; NRC, 2012). 
 
To date, these relationships are based on limited 
information from a few historical cases and on separated 
datasets (Youngs et al., 2003; Moss and Ross, 2011; 
Petersen et al., 2011; Takao et al., 2013). Earthquake 
geologists and practitioners have the shared opinion that 
the relationships need to be updated. To date, two 
meetings have been held (Paris, 2015, and Menlo Park, 
USA, 2016) to discuss future advances on FDHA with focus 
on the acquisition of data and development of a worldwide, 
publicly available, database for surface rupture data. Two 
main outcomes from those discussions in terms of 
improvements of such a database are the need for: (1) 
aggregating the existing datasets; and, (2) for clearly 

defining the relevant parameters that should to be 
recorded when capturing future surface rupture data and 
adding it to the database. 
 
THE AGGREGATION OF THE EXISTING DATASETS 
 
Numerous co-seismic surface slip distributions along the 
seismogenic or “primary” earthquake fault exist (e.g. Lettis et 
al., 1997; McCalpin, 1998; Hemphill & Weldon, 1999; 
Wesnousky 2008; Biasi & Wesnously 2016); however, 
information on “distributed” faulting off the primary rupture 
is only available for a few earthquakes (e.g., Pezzopane & 
Dawson, 1996; Petersen et al., 2011; Takao et al., 2013). In 
both cases, the existing datasets hold limited descriptions of 
the ruptures, including earthquake magnitude and sense of 
movement, geographic coordinates and net slip of measured 
locations. The surface rupture database of Pezzopane & 
Dawson (1996) encompasses 13 normal faulting events with 
some distributed faulting occurrences. The strike-slip surface 
rupture database from Petersen et al. (2011) contains 8 
events with earthquake magnitude ranging from 6.5 to 7.6. 
The reverse surface rupture database compiled by Moss & 
Ross (2011) does not include any information on distributed 
ruptures; however, recent studies compiled distributed 
rupture information to derive regressions (Inoue et al., 2016) 
or fault avoidance setbacks (Boncio et al., 2017). Current 
FDHA regressions are robust and proven useful. However, 
because of the scarcity of rupture information that they are 
based on, we stress that aggregating databases into a 
uniform database (so-called SURE) and improving data 
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on-fault (i.e. primary/principal earthquake fault) and off-fault 
(i.e. distributed surface rupture off the primary rupture) 
displacements, for a given earthquake magnitude (Youngs et 
al., 2003). FDHA is based on empirical relationships from 
historic fault ruptures (Youngs et al., 2003; Moss and Ross, 
2011; Petersen et al., 2011; Takao et al., 2013). These 
relationships are useful when trying to predict future fault 
displacements at, and close to, an active fault, when surface 
rupture hazard is expected at a site. In particular, these 
equations are useful for land use planning when new housing 
developments are to take place; and structural design of 
infrastructure and critical facilities when they have to be sited 
on, or close to, an active fault line (e.g.., Chen & Petersen, 
2011; NRC, 2012). 
 
To date, these relationships are based on limited 
information from a few historical cases and on separated 
datasets (Youngs et al., 2003; Moss and Ross, 2011; 
Petersen et al., 2011; Takao et al., 2013). Earthquake 
geologists and practitioners have the shared opinion that 
the relationships need to be updated. To date, two 
meetings have been held (Paris, 2015, and Menlo Park, 
USA, 2016) to discuss future advances on FDHA with focus 
on the acquisition of data and development of a worldwide, 
publicly available, database for surface rupture data. Two 
main outcomes from those discussions in terms of 
improvements of such a database are the need for: (1) 
aggregating the existing datasets; and, (2) for clearly 

defining the relevant parameters that should to be 
recorded when capturing future surface rupture data and 
adding it to the database. 
 
THE AGGREGATION OF THE EXISTING DATASETS 
 
Numerous co-seismic surface slip distributions along the 
seismogenic or “primary” earthquake fault exist (e.g. Lettis et 
al., 1997; McCalpin, 1998; Hemphill & Weldon, 1999; 
Wesnousky 2008; Biasi & Wesnously 2016); however, 
information on “distributed” faulting off the primary rupture 
is only available for a few earthquakes (e.g., Pezzopane & 
Dawson, 1996; Petersen et al., 2011; Takao et al., 2013). In 
both cases, the existing datasets hold limited descriptions of 
the ruptures, including earthquake magnitude and sense of 
movement, geographic coordinates and net slip of measured 
locations. The surface rupture database of Pezzopane & 
Dawson (1996) encompasses 13 normal faulting events with 
some distributed faulting occurrences. The strike-slip surface 
rupture database from Petersen et al. (2011) contains 8 
events with earthquake magnitude ranging from 6.5 to 7.6. 
The reverse surface rupture database compiled by Moss & 
Ross (2011) does not include any information on distributed 
ruptures; however, recent studies compiled distributed 
rupture information to derive regressions (Inoue et al., 2016) 
or fault avoidance setbacks (Boncio et al., 2017). Current 
FDHA regressions are robust and proven useful. However, 
because of the scarcity of rupture information that they are 
based on, we stress that aggregating databases into a 
uniform database (so-called SURE) and improving data 
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collection procedures is essential to produce revise empirical 
regressions in the short and long-term. 
 
RELEVANT NEW PARAMETERS TO CHARACTERIZE 
SURFACE FAULTING 
 
In addition to aggregating historical cases of existing 
datasets, modern cases should be implemented with 
additional information that describes comprehensively 
the surface rupture. Among the new parameters to be 
documented in the database, two of them will be 
included first: the geological nature of surficial layers and 
fault geometry complexity. 
 
Surface Geology 
The characteristic of the near surface geology influences the 
pattern of surface rupture, as exemplified by the 2010 El 
Mayor-Cucapah, Mexico earthquake (Teran et al., 2015). In 
this event, fault rupturing through basement rocks produced 
very narrowly localized deformation along discrete fault 
strands with each of fault plane accommodating large 
offsets. However, rupture through Quaternary gravels is 
more distributed by folding and/or discrete faulting on 
multiple strands with limited offsets. Sandbox models have 
further confirmed the importance of understanding the near 
surface material properties to predict the pattern and 
distribution of surface deformation at a study site. In those 
experimental results, the near-surface material stiffness is a 
crucial parameter that controls the rupture pattern and 
fabric (Stanton, 2013). In the database, we propose a basic 
classification (cover beds vs basement; basic sediment 
lithology) that can be very useful for predicting the type to 
rupture pattern and how deformation could be distributed at 
study site, as it would be easy to select examples from the 
database that are relevant to the study site. In the long term, 
specific regression for each near surface geology type may be 
developed. 
 
Structural complexity 
Discussions at the Paris and Menlo Park meeting highlighted 
the importance of understanding the structural pattern of a 
fault. By that we mean: whether the fault is represented by a 
main fault or several fault strands; whether the fault steps 
laterally to a different fault and/or there are gaps in the 
surface rupture; etc. This structural complexity influences, for 
example, the distributed faulting pattern. Distributed faulting 
does not have a uniform pattern and density along strike and 
is much more common at fault tips, step-overs, bends, and 
other geometric irregularities (e.g. 2010 EMC event: Fletcher 
et al., 2014; 2013 Balochistan event: Vallage et al., 2015). In 
very specific contexts such as compressional environments 
with flat and ramps, the “primary” surface rupture can be 
absent even for large magnitudes (e.g. 2015 M7.8 Nepal 
event: Grandin et al., 2015). In those cases, the main fault 
rupture does not reach the surface, but the surface can be 
deformed by folding. However, “distributed” ruptures could 
appear at the surface during such blind thrust earthquakes 
(e.g. 2004 and 2007 M6.5+ Chuetsu quakes, Japan), for 
instance with flexural slip or bending moment faulting. 
 

To account for the different pattern that may appear in 
different types of fault segments, we propose to discretize 
segments in portions along the strike of historic surface 
ruptures. In this way, they can be analysed separately and be 
used to develop regression that are specific to the type of 
fault segment/section (e.g., step-over, fault termination, etc.) 
 
IMPROVING THE CONTENT OF THE DATABASE: 
CONTRIBUTION OF NEW TECHNIQUES 
 
Enriching the datasets 
Modern techniques, such as SAR interferometry, LiDAR or 
SfM topography, have allowed the recognition of co-seismic 
deformation with much more detailed and with larger spatial 
extent for recent surface ruptures. For example, the geologist 
work was facilitated by the InSAR maps available during the 
early surface rupture mapping phase after the 2014 M6 Napa 
earthquake (DeLong et al., 2016). A large part of the 
moderate to small displacements could have been unnoticed 
by the field reconnaissance team without the support of 
satellite image analysis. The M5 26/3/2010 Pisayambo, 
Ecuador, earthquake rupture would not have ever been 
recognized without InSAR at all, in this remote and high-
elevation region of the Andes (Champenois et al., 2017). 
Analysis of high resolution topographic maps derived from 
LiDAR imaging can provide accurate estimation of offsets, 
and a large amount of measured points along a fault, which is 
fundamental to appreciate the natural variability of surface 
faulting and to appropriately quantify uncertainties (Gold et 
al., 2013). Also, off-fault data is likely to be better detected in 
the recent and future events than previous ones (pre-INSAR 
and pre-LIDAR) thanks to these modern techniques. 
 
It is possible that the improvement of detection capacity 
with modern techniques may attenuate the difference of 
surface rupture probability between Japan and western 
USA reported by Takao et al. (2013): these two active 
countries have very different morpho-climatic contexts that 
could largely have influenced the detection of historical 
surface rupture with classical mapping, Evidencing M5-6 
earthquakes surface rupture is easier in southern California 
desert (e.g. Suarez-Vidal et al., 2007) than under the 
Japanese canopy. However, now with ALOS InSAR, subtle 
deformation features are measurable: see for instance the 
work of Fujiwara et al. (2016) who mapped distributed 
ruptures associated with the 2016 M7 Kumamoto 
earthquake under the Aso volcano forest. 
 
Correlation of pre- and post-seismic optical images is 
another modern technique that has started to strongly 
support the acquisition of the earthquake-related 
deformation. This technique has been successfully applied 
to “historical” cases in California, demonstrating that a 
considerable part of co-seismic deformation was 
distributed off the major fault (Milliner et al., 2016). Klinger 
et al. (this issue) could map in detail the surface 
deformation associated with the 2016 M7.8 Kaikoura 
earthquake (NZ), using the sub-pixel correlator MicMac 
which provides reliable results especially in near-fault area. 
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Primary and distributed slip 
Youngs et al. (2003) introduced two types of earthquake-
related slip and derived two types of equations to 
calculate fault displacement hazard. Primary (or Principal) 
faulting is large and continuous slip, and represents 
movement along the main plane (or planes) that released 
seismic energy (Youngs et al., 2003). Distributed faulting is 
smaller, discontinuous slip, scattered over a wide zone, 
and that represents displacement on other faults in the 
soundings of the principal fault. Later on, Petersen et al. 
(2011) separated two kinds of off-fault slip: distributed (or 
secondary) slip which is “connected” to principal fault; 
and “non-connected” slip, which is triggered slip on 
distant faults. In their dataset, triggered slip is defined to 
have occurred beyond 2000 m from the main fault and 
the corresponding data were not included in their derived 
empirical regressions of off-fault slip with distance. 
 
We propose that “triggered slip” should not be excluded 
from the surface displacement database. As stated by 
Petersen et al. 2011, “adjacent faults are an important source 
of fault rupture hazard and should be considered in the 
analysis”. Triggered slip would however be considered 
separately because it responds to a different process than 
secondary faulting. An important issue is to objectively define 
triggered slip, because we argue that the distance criterion is 
too simplistic. This crucial step still needs to be figured out. 
 
DATABASE STRUCTURE AND CURRENT CONTENT 
 
The SURE database contains three sections, a “displacement 
observation point table”; a “fault segment table” and an 
“earthquake table”. Displacement observation information at 
georeferenced points are linked to the” fault segment table” and 
to the causative “earthquake table” through appropriate IDs. 
 
The displacement observation table includes basic 
information such as latitude, longitude, and net slip. Ideally, 
slip is recorded as horizontal and vertical components (with 
associated uncertainties), as this information will be ideal 
for structure design as not all faults are equally sensitive to 
one or other component. The table also allows for 
compilation of “large aperture offset”, including the 
discrete slip on the fault trace and the inelastic part of 
deformation that sometimes occurs. 
 
The fault segment table includes primary and distributed 
fractures (line work) and will be stored as a polyline 
Shapefile. Attributes for the segment file will include ID of 
causative earthquake. The fault segment map (geographic 
distribution of surface ruptures) is an important part of 
table as this information is used to calculate the “rupture 
probability” functions for the FDHA (probability of primary 
slip magnitude depends on distance along the primary 
fault; and off-fault slip depends on distance perpendicular 
to the main trace). 
 
The SURE database will include a minimal level of 
interpretation. However, we define fields where the 
author’s opinion (when existing) can be reported, as well 
as the compiler’s one. The database will also include the 

archives of the publications, at least as an external link. 
The templates of the database (excel spread sheets) are 
available online at http://www.earthquakegeology.com/. 
 
To date, fourty earthquakes are included in the M5-7.9 
magnitude range, including 19 cases in Japan, 13 in the 
USA, 2 in Mexico, 1 in New Zealand, Kazakhstan, Italy, 
Ecuador, Turkey and Argentina; 22 strike-slip, 9 normal 
and normal-oblique, 8 reverse cases. Several recent cases 
will soon be implemented (e.g. 2014 M6 Nagano and 
Napa, 2016 M6.5 Norcia). 
 
Several recent cases will be soon integrated, including the 
M6.5 Norcia earthquake rupture which has been 
extensively mapped and measured by an international 
team (Open EMERGEO). Observations were compiled in a 
homogenous way, providing a unique dataset ready to be 
compiled in SURE.  
 
FUTURE STEPS 
 
The objective is to incorporate well-known earthquake 
cases described in literature and to explore the post-2000 
M6+ inland earthquakes that could potentially provide 
relevant data. A first search in the USGS earthquake 
database provided a catalogue of 130 shallow M6+ onshore 
epicentres since 2000, most having occurred in Asia (China, 
Iran, Japan, Russia, Pakistan, Turkey, Kyrgyzstan, Nepal, 
Myanmar) and very few having reported surface rupture 
information. There is consequently a need for participation 
of Asian geologists. The search for new contributors will be 
one major task of the SURE working group in the next 
years. With the PATA Days in New Zealand, we hope to 
gather a large number of geologists from Oceania, but also 
from Asia, to consolidate the SURE database network. 
 
The US community is currently elaborating a project to 
prospect funding from local stakeholders; this project aims 
at developing a database, models, and engineering 
implementation guidelines for mitigation of surface faulting 
hazard in the western USA. The International SURE Group 
should clearly take advantage of this momentum and 
interact through collaboration and coordination of efforts 
with the US Community. The International community will 
alongside identify support and request funding for its own 
activities. We plan to finalize a first version of SURE by the 
end of 2017 which could be available on request. 
 
We anticipate that recent events in Oceania (e.g. 2010 and 
2016 events in New Zealand, as well as 2012 and 2016 
Central Australia ones) will become good candidates to 
populate the new database, with their field and remote 
sensing data. On the methodological point of view, the 
M7.8 November 2016 Kaikoura earthquake surface rupture 
will provide interesting insights on the potentiality of 
remote sensing techniques (e.g. optical correlation) to 
enrich dataset, in terms of amount and quality of data. 
 
CONCLUSION 
 
After the starting point of the INQUA “SURFACE” project 
(Baize et al., 2015), two constructive workshops (Paris, 
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related slip and derived two types of equations to 
calculate fault displacement hazard. Primary (or Principal) 
faulting is large and continuous slip, and represents 
movement along the main plane (or planes) that released 
seismic energy (Youngs et al., 2003). Distributed faulting is 
smaller, discontinuous slip, scattered over a wide zone, 
and that represents displacement on other faults in the 
soundings of the principal fault. Later on, Petersen et al. 
(2011) separated two kinds of off-fault slip: distributed (or 
secondary) slip which is “connected” to principal fault; 
and “non-connected” slip, which is triggered slip on 
distant faults. In their dataset, triggered slip is defined to 
have occurred beyond 2000 m from the main fault and 
the corresponding data were not included in their derived 
empirical regressions of off-fault slip with distance. 
 
We propose that “triggered slip” should not be excluded 
from the surface displacement database. As stated by 
Petersen et al. 2011, “adjacent faults are an important source 
of fault rupture hazard and should be considered in the 
analysis”. Triggered slip would however be considered 
separately because it responds to a different process than 
secondary faulting. An important issue is to objectively define 
triggered slip, because we argue that the distance criterion is 
too simplistic. This crucial step still needs to be figured out. 
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“earthquake table”. Displacement observation information at 
georeferenced points are linked to the” fault segment table” and 
to the causative “earthquake table” through appropriate IDs. 
 
The displacement observation table includes basic 
information such as latitude, longitude, and net slip. Ideally, 
slip is recorded as horizontal and vertical components (with 
associated uncertainties), as this information will be ideal 
for structure design as not all faults are equally sensitive to 
one or other component. The table also allows for 
compilation of “large aperture offset”, including the 
discrete slip on the fault trace and the inelastic part of 
deformation that sometimes occurs. 
 
The fault segment table includes primary and distributed 
fractures (line work) and will be stored as a polyline 
Shapefile. Attributes for the segment file will include ID of 
causative earthquake. The fault segment map (geographic 
distribution of surface ruptures) is an important part of 
table as this information is used to calculate the “rupture 
probability” functions for the FDHA (probability of primary 
slip magnitude depends on distance along the primary 
fault; and off-fault slip depends on distance perpendicular 
to the main trace). 
 
The SURE database will include a minimal level of 
interpretation. However, we define fields where the 
author’s opinion (when existing) can be reported, as well 
as the compiler’s one. The database will also include the 

archives of the publications, at least as an external link. 
The templates of the database (excel spread sheets) are 
available online at http://www.earthquakegeology.com/. 
 
To date, fourty earthquakes are included in the M5-7.9 
magnitude range, including 19 cases in Japan, 13 in the 
USA, 2 in Mexico, 1 in New Zealand, Kazakhstan, Italy, 
Ecuador, Turkey and Argentina; 22 strike-slip, 9 normal 
and normal-oblique, 8 reverse cases. Several recent cases 
will soon be implemented (e.g. 2014 M6 Nagano and 
Napa, 2016 M6.5 Norcia). 
 
Several recent cases will be soon integrated, including the 
M6.5 Norcia earthquake rupture which has been 
extensively mapped and measured by an international 
team (Open EMERGEO). Observations were compiled in a 
homogenous way, providing a unique dataset ready to be 
compiled in SURE.  
 
FUTURE STEPS 
 
The objective is to incorporate well-known earthquake 
cases described in literature and to explore the post-2000 
M6+ inland earthquakes that could potentially provide 
relevant data. A first search in the USGS earthquake 
database provided a catalogue of 130 shallow M6+ onshore 
epicentres since 2000, most having occurred in Asia (China, 
Iran, Japan, Russia, Pakistan, Turkey, Kyrgyzstan, Nepal, 
Myanmar) and very few having reported surface rupture 
information. There is consequently a need for participation 
of Asian geologists. The search for new contributors will be 
one major task of the SURE working group in the next 
years. With the PATA Days in New Zealand, we hope to 
gather a large number of geologists from Oceania, but also 
from Asia, to consolidate the SURE database network. 
 
The US community is currently elaborating a project to 
prospect funding from local stakeholders; this project aims 
at developing a database, models, and engineering 
implementation guidelines for mitigation of surface faulting 
hazard in the western USA. The International SURE Group 
should clearly take advantage of this momentum and 
interact through collaboration and coordination of efforts 
with the US Community. The International community will 
alongside identify support and request funding for its own 
activities. We plan to finalize a first version of SURE by the 
end of 2017 which could be available on request. 
 
We anticipate that recent events in Oceania (e.g. 2010 and 
2016 events in New Zealand, as well as 2012 and 2016 
Central Australia ones) will become good candidates to 
populate the new database, with their field and remote 
sensing data. On the methodological point of view, the 
M7.8 November 2016 Kaikoura earthquake surface rupture 
will provide interesting insights on the potentiality of 
remote sensing techniques (e.g. optical correlation) to 
enrich dataset, in terms of amount and quality of data. 
 
CONCLUSION 
 
After the starting point of the INQUA “SURFACE” project 
(Baize et al., 2015), two constructive workshops (Paris, 
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2015 and Menlo Park, 2016) were focused on the 
construction of the “SURE” database for FDHA. It appears 
that there is broad interest worldwide to update 
probabilistic estimates of slip distribution during future 
earthquakes for engineering design of infrastructures. As 
well as predicting the amount of surface slip at a main 
fault trace, distributed deformation is a key concern, 
particularly for structures close to active faults (e.g., 
pipelines, tunnels, bridges, etc.). 
 
The current database structure has been discussed and 
validated by the “SURE Group” during the workshops. 
Worldwide researchers are currently updating and compiling 
existing fault rupture data that will be incorporated into the 
SURE database. Following the Menlo Park meeting and the 
project dissemination, new fault rupture data from recent 
earthquakes have been or will be soon provided by some of 
the participants, to feed the SURE database. We will seek 
further participation from other scientist during the PATA 
Days meeting in New Zealand. 
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Abstract: Geological indicators of former sea level can be considered an accurate tool for determining coseismal vertical 
displacements. However, sea level markers do not always offer the same degree of reliability. Coastal deposits or marine terraces 
do not mark by themselves the datum level (±0 m). Differences in altitude amsl in present beaches can reach more than to 2 m 
from lower foreshore to upper backshore. Erosional features such as notches or wave-cut benches and platforms sum to their 
intrinsic morphological variability the difficulty in dating them. Last but not least, sea level is not a steady level either in time or 
in space. Models of Glacial Isostatic Adjustment support differences of several meters in sea level during former interglacials 
depending on the geographical location. Sea level markers are useful tools for estimating coseismic displacements if their height 
is compared with equivalent present sea-level markers and position of former sea is taken into account. 
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INTRODUCTION 
 
Coastal vertical displacement can be considered as one of the 
most outstanding consequences of earthquakes. Coseismic 
uplift/subsidence is a primary geological effect of earthquakes 
included in the Environmental Seismic Intensity Scale 
(ESI2007, Guerreri & Vittori, 2007), which in the case of coastal 
settings seem to be a more accurate measurement since it is 
compared with a reference datum. However, the 
quantification of these vertical movements is not always easy 
and precise, above all when dealing with ancient earthquakes. 
Differences of 1 m in height can shift seismic Intensity from IX 
to X, or even from VIII to X, with significant consequences in 
seismic hazard assessment. 
 
Many examples from recent instrumentally-recorded 
earthquakes (EQs) have been described in the scientific 
literature, starting with the probably first reported direct 
measurement of 1.5-2 m uplift caused by the Mw9.2 1964 
Alaska EQ (Plafker, 1969). Many other evidences have been 
published since then, with different ranges of uplift or 
subsidence from several decimeters such as the 40-60 cm 
deformation caused by Mw 8.0 1985 Chile EQ, (Castilla, 
1988); to several meters, as the -2.5 to 6.5 m deformation 
caused by the Mw7.8 2016 Kaikoura EQ (Clark et al., 2017). 
Coseismic uplift of up to 2 m has been also reported for the 
Mw8.8 2010 Chile EQ in the basis of biomarkers, geomarkers 
and other morphological features (Lario et al., 2016). 
 
Most of these references are supported by the occurrence 
of living organisms that have been displaced out of their 
living conditions by the EQ shaking. A few good examples of 
these organisms are the mollusc Balanus sp. (Mw9.2 1964 
Alaska EQ, Plafker, 1969); grey algae Lessonia nigrescins 

(Mw8. 1985 Chile EQ, Castilla, 1988); coralline algae (Mw8.1 
1995 Antofagasta EQ, Ortlieb et al., 1996); coral reefs (Mw8.1 
2007 Solomon Islands EQ, Chen et al., 2017); mussel 
Perumitylus purpuratus Mw8.8 2010 Chile EQ, Melnick et al., 
2012); or the algae Durvillaea antarctica and Carbophyllum 
maschalocarpum and associated coralline algae (Mw7.8 
2016 Kaikōura EQ, Clark et al., 2017). 
 
In the absence of these living organisms, coastal uplift 
caused by pre-instrumental, historical earthquakes has 
been identified by different means with a relatively high 
degree of confidence. Present height of fossil tubeworms 
allowed Hamada et al. (2016) to infer differential fault 
segment activity linked to an historical 1729 EQ in Japan. 
Historical reports and chronicles can also be considered a 
relatively useful tool for these determinations; such is the 
case of the permanent one span uplift (“palmo”, 20-22 cm) 
reported in the Mediterranean Spanish rocky coast near 
Torrevieja (Silva et al., 2014). 
 
There are many examples in the scientific literature 
devoted to Late Quaternary uplift in seismically active 
regions (some examples in Ota et al., 1993; 1991; Pirazzoli 
et al., 1994; Chappel et al., 1996; Rust & Kershaw, 2000; 
Hsieh & Rau, 2009; Cundy et al., 2010; Mastronuzzi et al., 
2014; Binnie et al., 2016, etc). However, many of these 
papers do not contemplate the need of an accurate 
measurement in order to infer a seismic intensity degree. 
The further we go back in time, the less the expected 
accuracy in these measurements and the less the 
contribution to the seismic hazard assessment. In order to 
make these measurements as accurate as possible, we 
need to know not only the height of former sea level 
marker but also its real departure from past sea level. 
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DISCUSSION 
 
Sedimentary sea level markers 
Marine terraces are usually constituted by a series of littoral 
deposits where the sedimentary facies can give relevant 
information about the paleo-datum (former sea level). 
Maximum and minimum height of a given marine terrace can 
have differences in altitude of more than 2 m. Sedimentary 
facies within the marine terrace can include from the lower 
shoreface to upper backshore, which again can mean 
differences of more than 2 m. So, in order to properly quantify 
the amount of uplift we need to know the present height of 
the former datum (0 m) marker. In beach environments a 
detailed sedimentological analyses is needed (Fig. 1) not only 
to quantify the uplift rates but also to differentiate coseismic 
vertical movements from small scale climatically-driven sea 
level changes, (Dabrio et al., 2011; Bardají et al., 2015). 
 

 
Figure 1: Sedimentary structures depicted in a Last Interglacial 
coastal unit from La Marina (Alicante, Spain). Small black arrows 
point to different plunge steps (boundary between the foreshore 
and shoreface) marking different positions of sea level (taken from 
Dabrio et al., 2011).
 
In coral terraces the estimation of the sea level is more difficult 
because of the variable depth to which corals live. Acropora 
plamata (Fig. 2) is thought to be one of the most reliable 
indicator of sea level because of its shallow depth range (<1 to 
5 m; Lighty et al., 1982), but this range is larger than the 
necessary accuracy for seismic intensity determination. 
 
Isolated corals in the Mediterranean, such as Cladocora 
caespitosa, can also live at depths not far below sea level. 
However, their living range of several meters makes them 
useless as cosesimic movement indicators. 
 

 
Figure 2: In situ Acropora palmata trunks in Guanhacabibes 
península, Cuba. (1.5 m amsl). 

Erosional sea level markers 
The utility of tidal notches as coseismic indicators has been 
widely proposed by many different authors (see a good 
synthesis in Boulton & Stewart, 2015), but has been 
questioned as being clear tectonic indicators but mainly 
climatically driven (Cooper et al., 2007). Analysis of notch 
morphology and genesis goes beyond the aims of this work 
so we will focus on its role as a coseismic indicator. 
 
Notches are built at sea level, so its maximum concave depth 
marks the sea level and its width marks the amplitude of 
tides (Fig. 3). The problem of notches is finding dateable 
material, mainly when dealing with older notches. 
 

 
Figure 3: Ancient notch (Holocene – MIS5a?) in Cope Basin 
(Murcia, Spain). Difficulty in chronology is given by the lack of 
datable material. 
 

 
Figure 4: Small isolated coral growing into a pothole of a wavecut 
platform carved on a coral reef. 
 
Wavecut platforms or benches are also a reliable sea level 
indicator because they are built at the base of a sea cliff by the 
wave action. So they represent the 0 m level. As in the case of 
notches, problems arise when trying to date them. In both 
cases, we have to find any datable material that is linked to 
this erosional feature with absolute certainty (Fig. 4). 
 
Height of the former sea level 
Sea level it is not a steady level either in time or in space. 
So, in order to use sea level markers as a geological 
recorder of displacement during earthquakes, we need to 
know how wide is the departure of the considered marker 
from the sea level that generated it. 
 
Models based on glacial- and hydro-isostatic contributions 
in the Mediterranean (Lambeck & Purcell, 2005) points to 
a significant spatial variability along the Holocene (Fig. 5). 



PROGRAMME                          8TH INTERNATIONAL PATA DAYS 201740

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 

 
Figure 5: Predicted sea level at 6 ka int the western Mediterranean 
(Lambeck & Purcell, 2005). 
 
Recently, Creveling et al. (2017) have presented a 
prediction model of sea level based on Glacial Isostatic 
Adjustment (GIA) for MIS5a and 5c, with quite different 
results than previously assumed. Sea level was considered 
to be between 15-37 m and 9-30 m below present sea level 
respectively, but this model points to -8.5 ± 4.6m during 
MIS 5a (Fig. 6) and -9.4 ± 5.3m during MIS5c. 
 
Consequently, sea level must not be considered always at 
0 m but global sea level distribution must be taken into 
account when making seismic intensity determinations. 
 

 
Figure 6: Predicted sea level at MIS5a (80 ka) relative to present 
day (color scale in m) (Creveling et al., 2017). 
 
Acknowledgements: This work has been supported by Spanish 
research projects CGL15-69919-R (UAH), CGL2015-67169-P (USAL) 
and CGL2013-42847R (UNED), and it is a contribution to Spanish 
WG of IGCP639, CMP Commission of INQUA and Spanish WG 
QTECT-AEQUA. 
 
 
REFERENCES 
Bardají, T., Cabero, A., Lario, J., Zazo, C., Silva, P.G., Goy, J.L., Dabrio, 

C.J., 2015. Coseismic vs climatic factors in the record of relative 
sea level changes: an example from the Last Interglacials in SE 
Spain. Quaternary Science Reviews 113, 60-77. 

Castilla, J.J. 1988. Earthquake-Caused Coastal Uplift and Its Effects on 
Rocky Intertidal Kelp Communities. Science 242 (4877), 440-443. 

Clark, K.J., Nissen, E.K., Howarth, J.D., Hamling, I.J., Mountjoy, J.J., 
Ries, W.F., Jones, K., Goldstein, S., Cochran, U.A., Villamor, P., 
Hreinsdóttie, S., Litchfield, N.J., Mueller, C., Berryman, K., 
Strong, D.T., 2017. Highly variable coastal deformation in the 
2016 Mw7.8 Kaikōura earthquakes reflects ruptura complexity 
along a transpressional plate boundary. Earth and Planetary Sc. 
Letters (http://dx.doi.org/10.1016/j.epsl.2017.06.48) 

Cooper, F.J., Roberts, G.P., Underwood, C.J., 2007. A comparisson 
of 103-105 climate stability and the formation of coastal 
notches. Geophysical Research Letters 34, L14310 

Creveling, J.R., Mitrovica, J.X., Clrak, P.U., Waelbroeck, C., 2017. 
Predicted bound on peak global mean sea level during marine 
isotope stages 5a and 5c. Quaternary Science Reviews 163, 193-208. 

Cundy, A.B., Gaki-Papanastassiou, K., Papanastassiou, D., 
Maroukian, H., Frogley, M.R., Cane, T., 2010. Geological and 
geomorphological evidence of recent coastal uplift along a 
major Hellenic normal fault systme (the Kamena Vourla fault 
zone, NW Evoikos, Greece). Marine Geology 271, 156-164. 

Dabrio, C.J., Zazo, C., Cabero, A., Goy, J.L., Bardají, T., Hillaire-
Marcel., Cl., Gon´zalez-Delgado, A., Lario, J., Silva, P.G., Borja, 
F., García-Blazquez, A.M. 2011. Millennial/submillennial-scale 
sea-level fluctuations in wetsern Mediterranean during the 
second highstand of MIS 5e. Quaternary Science Reviews 30, 
335-346. 

Guerreri, L. & Vittori, E. (Eds), 2007. Environmental Seismic 
Intensity Scale ESI2007. Memorie Descrittive. Carta Geologica 
d’Italia, vol. 74. Servizio Geologico d’Italia  

Hamada, M., Hiramatsu, Y., Oda, M., Yamaguchi, H., 2016. Fossil 
tubeworms link coastal uplift of the northern Noto Peninsula to 
ruptura of the Wajima-oki fault in AD1729. Tectonophysics 670, 
38-47. 

Hsieh, M.L. & Rau, R.J., 2009. Late Holocene coseismic uplift on the 
Hua-tung coast, Eastern Taiwan: evidence from mass mortality 
of intetidal organisms. Tectonophysics 474, 595-609. 

Lambeck, K. & Purcell, A. 2005. Sea-level change in the Mediterranrean 
Sea since the LGM: model predictions for tectonically stable áreas. 
Quaternary Science Reviews 24, 1969-1988. 

Lario, J., Zazo, C., Goy, J.L., 2016. Tectonic and morphosedimentary 
features of the 2010 Chile earthquake and tsunamis in the Arauco 
Gulf and Mataquito river (Central Chile). Geomorphology 267, 16-
24. 

Lighty, R.G., Macintyre, I.G., Stuckenrath, R., 1982. Acropora 
palmata reef framework: A reliable indicator of sea level in the 
Western Atlantic for the past 10,000 years. Coral Reefs 1, 125-130 

Mastronuzzi, G., Calcagnile, L., Pignatelli, C., Quarta, G., 
Stamatopulos, L., Venisti, N., 2014. Late Holocene 
tsunamogenic coseismic uplift in Kekira Island, Greece. 
Quaternary International 332, 48-60 

Ortlieb, L., Barrientos, S., Guzmán, N., 1996. Coseismic coastal 
uplift and coralline algae record in northern Chile. Quaternary 
Science Reviews 15, 949-960. 

Pirazzoli, P., Stiros, S.C., Arnold, M., Laborel, J., Laborel-Deguen, F., 
Papageorgiou, S. 1994. Episodic uplift from holocene shorelines 
in the Perchora Peninsula, Corinth área, Greece. Tectonophysics 
229, 201-109 

Plafker, G., 1969. Tectonics of the March 27, 1964, Alaska 
Earthquake. U.S. Geological Survey Professional Paper 543-I, 74 p. 

Rust, D. & Kershaw, S. 2000. Holocene tectonic uplift patterns in 
northeast Sicily: evidence from marine notches in coastal 
outcrops. Marine Geology 167, 105-126. 

Silva, P.G. & Rodríguez Pascua, M.A. (Eds.), 2014. Catálogo de los 
efectos geológicos de los terremotos en España. Serie Riesgos 
Geológicos/Geotecnia IGME, vol. 4. Instituto Geológico y 
Minero de España, Madrid, 350pp. 

 



8TH INTERNATIONAL PATA DAYS 2017                           PROGRAMME41

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 

 
Figure 5: Predicted sea level at 6 ka int the western Mediterranean 
(Lambeck & Purcell, 2005). 
 
Recently, Creveling et al. (2017) have presented a 
prediction model of sea level based on Glacial Isostatic 
Adjustment (GIA) for MIS5a and 5c, with quite different 
results than previously assumed. Sea level was considered 
to be between 15-37 m and 9-30 m below present sea level 
respectively, but this model points to -8.5 ± 4.6m during 
MIS 5a (Fig. 6) and -9.4 ± 5.3m during MIS5c. 
 
Consequently, sea level must not be considered always at 
0 m but global sea level distribution must be taken into 
account when making seismic intensity determinations. 
 

 
Figure 6: Predicted sea level at MIS5a (80 ka) relative to present 
day (color scale in m) (Creveling et al., 2017). 
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Abstract: The Hikurangi margin straddles the convergent boundary between the Pacific and Australia tectonic plates. The 
subduction megathrust could potentially represent New Zealand’s largest earthquake and tsunami source. Detailed paleoseismic 
records however, are sparse, and no great earthquakes (M>8) have occurred on the megathrust in the historical period. In order 
to build long timeframe (ka) paleoseismic records, we acquired 61 sediment cores up to 5 m in length from sites on the 
continental margin between eastern Marlborough and Poverty Bay in 2016. The core sites targeted different sedimentary source 
catchments and dispersal routes, as well as relatively small basins perched on lower slope ridge crests unaffected by regional 
dispersal pathways. The sample sites collectively span along-strike variations in inter-seismic coupling and slow-slip. The new 
cores reveal successions of turbidites widely interspersed with hemipelagic sediment and volcanic ash markers. Preliminary 
analysis indicates turbidite emplacement since deposition of Tāupo tephra occurs on centennial timescales with recurrence 
intervals (RI) ranging from 170 years to 860 years, and with RI generally decreasing from south to north along the margin and 
with distance down distributary systems from the coast. The turbidite RIs appear comparable to coastal paleoseismic events, 
suggesting that the turbidite records may prove valuable paleoseismic recorders on Hikurangi Margin. 
 
The 2016 Mw7.8 Kaikōura earthquake triggered a turbidity current that emplaced a new turbidite in the Hikurangi Trough. This 
event presents an unprecedented opportunity to study the relations between fault source length, the spatial distribution of 
ground motions, turbidity current triggering and turbidite deposition for upper plate events on the margin. 
 
Key words: Paleoseismology, Earthquakes, Hikurangi, Turbidite, Geochronology. 
 
 
INTRODUCTION 
 
In the Southwest Pacific region, the Pacific plate subducts 
beneath the Australia plate to form the Kermadec and 
Hikurangi subduction zones. Oblique convergence at the 
southern terminus of these megathrust faults results in 
strain partitioning in the forearc of the North Island and a 
transition from subduction to strike slip faulting in the Cook 
Strait region. Global positioning system (GPS) studies of 
current Earth deformation (years to decades) show that the 
megathrust fault has patches that creep slowly whilst other 
parts of the fault are strongly coupled inter-seismically 
(locked) and the potential sites of future great earthquakes 
(magnitude M>8) (Wallace et al., 2009, 2010). The Hikurangi 
margin is potentially New Zealand’s largest earthquake and 
tsunami hazard (Wallace et al., 2014; Power et al., 2016). 
One key question of relevance to seismic and tsunami 
hazard and risk in New Zealand is whether or not the 
Hikurangi subduction margin is capable of producing great 
(Magnitude M>8) or giant (M >9) earthquakes. If so, in what 
regions do they occur, and how often? Paleoseismic data are 
required to address these questions. 
 
There is already a nascent paleoseismic record with which 
to characterize seismic hazards posed by the Hikurangi 
margin. The record has been derived primarily from 

evidence of co-seismic coastal deformation in the form of 
marine terrace uplift and lagoon subsidence (Haywood et 
al., 2006, 2015; Wallace et al., 2014; Clark et al. 2015; and 
references therein). In addition, turbidite paleoseismology 
has been used in the New Zealand region (Pouderoux et al., 
2012 a, b, 2014). These studies provided detailed offshore 
sedimentological observations along the northern part of 
the margin showing evidence for earthquakes spanning the 
past 16 ka, using radiometric age control and provenance 
of turbidite records in a series of long cores in three distinct 
basins. 
 
An important unresolved question is whether other 
distributary systems further south preserve sedimentary 
records suitable for extending the turbidite paleoseismic 
record. Addressing this question is essential for developing 
a record of past Hikurangi margin earthquakes that spans 
the entire margin and sufficiently long timescales to 
capture multiple seismic cycles. Here we report on the 
preliminary results of a recent coring campaign that 
sampled discrete distributary systems along the Hikurangi 
margin and discuss the prospect for developing a margin-
wide paleoseismic record by demonstrating synchronicity 
of widespread turbidites that would be consistent with 
strong earthquake shaking over large regions. 
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Hikurangi subduction margin is capable of producing great 
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to characterize seismic hazards posed by the Hikurangi 
margin. The record has been derived primarily from 
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marine terrace uplift and lagoon subsidence (Haywood et 
al., 2006, 2015; Wallace et al., 2014; Clark et al. 2015; and 
references therein). In addition, turbidite paleoseismology 
has been used in the New Zealand region (Pouderoux et al., 
2012 a, b, 2014). These studies provided detailed offshore 
sedimentological observations along the northern part of 
the margin showing evidence for earthquakes spanning the 
past 16 ka, using radiometric age control and provenance 
of turbidite records in a series of long cores in three distinct 
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records suitable for extending the turbidite paleoseismic 
record. Addressing this question is essential for developing 
a record of past Hikurangi margin earthquakes that spans 
the entire margin and sufficiently long timescales to 
capture multiple seismic cycles. Here we report on the 
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sampled discrete distributary systems along the Hikurangi 
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wide paleoseismic record by demonstrating synchronicity 
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strong earthquake shaking over large regions. 
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Figure 1: Upper panel, core site location map. Margin core sites are designated by red symbols, specific 2016 Mw7.8 Kaikōura 
earthquake response cores are designated by yellow symbols. 2016 Mw7.8 Kaikōura earthquake epicentres (USGS) are displayed 
as green circles. Onshore faults are from the GNS active fault database and the offshore earthquake sources are from the 
national seismic hazard model (Stirling et al., 2012; Litchfield et al., 2014). Lower panel, results of previous paleoseismic studies 
on the Hikurangi margin, derived from coastal records (Wallace et al. 2014; Clark et al. 2015) and northern (Poverty to East 
Cape region) margin turbidite records (Pouderoux et al., 2012 a, b). 

 
METHODS 
 
From 12 to 22 November 2016 the R/V Tangaroa retrieved 
61 sediment cores from 12 discrete sediment distributary 
systems and 10 isolated slope basins from the southern 
and central parts of the Hikurangi margin from eastern 
Marlborough northwards to Poverty Bay. When combined 
with the distributary systems studied by Pouderoux et al. 
(2012 a, b, 2014) the core set spans the entire length of the 
Hikurangi Margin from 42.5° S to 37.0° S latitude. 
 
We selected core sites using 30 kHz multibeam bathymetric 
and backscatter data, sub-bottom acoustic profiles, archived 
sediment samples, and results from numerical modelling of 
turbidity currents (Figure 1). Our rationale for selecting core 
sites considered issues of age control, sedimentary isolation, 
and geospatial relevance to historic and prehistoric fault 
segments (megathrust interface vs. upper-plate 
accretionary-prism faults). We targeted different 

sedimentary source catchments and dispersal routes, as well 
as relatively small basins perched on lower slope ridge crests 
unaffected by regional dispersal pathways. The sample sites 
collectively span along-strike variations in inter-seismic 
coupling and slow-slip. Cores were retrieved using a 6 m long 
7 cm diameter Kullenberg piston corer. For some sites we 
collected multi-cores (with four sample tubes in use) to 
sample the sediment water interface and the uppermost 
sediment with minimal disturbance. 
 
While at sea cores were split lengthwise, digitally imaged 
and the lithostratigraphy described. All cores were imaged 
using X-Ray attenuation and magnetic susceptibility data 
collected at 2 cm resolution using a point sensor. 
Macroscopic tephra horizons were also identified visually to 
provide a preliminary geochronologic framework. These 
shipboard data provide a platform for assessing the 
potential of the core set for turbidite paleoseismic 
reconstructions along the margin. We focus on the results 
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from six sediment distributary systems that contain cores 
with a tephra inferred to be the Tāupo tephra (1718±10 
CalBP), or where core-bottom radiocarbon ages provide 
chronologic contraint. We stress that turbidite counts and 
chronostratigraphic interpretations are preliminary and may 
change. Nonetheless, they provide valuable insights into the 
potential turbidite paleoseismology along the margin. 
 
RESULTS 
 
Cores are composed of the terrigenous-dominated 
sequences included layers of gravel, sand, and mud, 
hemipelagite, and volcanic ash. Many of these layers are 
turbidites, some of which may be seismogenic. An 
overview of the preliminary lithostratigraphy of discrete 
distributary systems and isolated slope basins for which 
some form of chronology exist are outlined below. 
 
Cook Strait Canyon: Cores from Cook Strait Canyon are 
characterised by a sedimentary sequence containing up to 
two gravelly beds approaching 20 cm thick, overlain by 
interbedded hemipelagic and turbidite very fine sandy silts. 
Gravelly turbidites are present in cores from the canyon 
floor (TAN1613-06 Cook 4), a terrace perched above the 
canyon floor (TAN1613-05 Cook2), and at the mouth of the 
canyon (TAN1613-03 Cook 6). The turbidite gravels contain 
abundant shell fragments and clasts that are sub-rounded 
and have long-axis diameters up to 10 mm. The core from 
the canyon floor contains a sequence of three fining upward 
beds. Interbedded hemipelagites and silty turbidites overly 
the gravel bed. Cores contain up to five turbidites including 
the basal gravel. Four of these are above a 14C age on 
planktonic foraminifera of 966-755 CalBP, giving a turbidite 
recurrence interval (RI) of ~170 years. 
 
Opouawe Canyon: Cores from Opouawe Canyon (TAN1613-04 
Opouawe 1; TAN1613-07 Opouawe 2) are characterised by 
hemipelagic sequences of dark olive grey, very-fine sandy silts 
with abundant dark planar and convoluted colour laminations. 
These hemipelagites are interbedded with turbidites that 
have silty very fine sand bases (e.g., Figure 2). The core from 
the mouth of the Opouawe Canyon (Opouawe 2) contains a 
thin sequence of interbedded hemipelagites and turbidites 
(~60 cm) overlain by grey and bluish black very-fine sandy silt 
that has convoluted bedding and is interpreted as a debrite. In 
Opouawe 1, five turbidites occur above a tephra interpreted 
as Taupo (476.5 cm) and a 14C age on planktonic foraminifera 
(484.5 cm) of 1845-2087 CalBP. Based on this chronology the 
turbidite RI for the canyon is ~340 years. 
 
Madden Canyon distributary system: The cores from the 
Madden Canyon and the Porangahau Basin are 
characterised by interbedded hemipelagites, silty turbidites, 
and sandy turbidites. Hemipelagites are composed of dark 
greenish to greenish grey, very-fine sandy silts, with isolated 
darker colour mottles and convoluted colour laminations. 
Turbidite morphology ranges from silty turbidites with little 
structure to complex sandy turbidites with multiple upward 
fining units at their base (e.g., Figure 2). Only in isolated 
instances is it possible to visually distinguish hemipelagites 
from the tails of silty turbidites. Three cores from the 

Madden Canyon contain the inferred Tāupo tephra. There 
are five sandy turbidites above the tephra in TAN1613_28 
MC6 from the upper canyon, and six above it in core 
TAN1613-27 MC5 from the canyon mouth. These sites have 
turbidite RI of ~340 and ~290 years, respectively. These RIs 
are minimums because silty turbidites are also present, but 
their number has not been quantified from preliminary 
work. TAN1613_25_MC1 from Akitio Trough in the outer 
Madden distributary system contains silty turbidites but 
none above the Tāupo tephra. 
 
Hawkes Bay distributary system: The cores from the upper 
slope off southern Hawkes Bay, including Omakere Trough 
(TAN1613-33; HB5) and the inner Paoanui Basin (TAN1613-
49; HB4), are characterised by interbedded hemipelagite, 
silty turbidites, and sandy turbidites. Hemipelagic 
sediments are characterised by dark greenish to greenish 
grey very-fine sandy silts that are generally massive and 
contain isolated convoluted colour laminations (Figure 2). 
Turbidites in these cores range from structurally complex 
sandy turbidites with multiple fining upward units to 
structurally simple silty turbidites (Figure 2). In contrast, 
the cores from the Paoanui Trough (TAN1613-34; HB6 and 
TAN1613-30; HB3) are dominated by hemipelagites and 
contain few visible turbidites. A single turbidite occurs 
above the inferred Tāupo tephra in TAN1613-30; HB3 
suggesting a turbidite RI of 860 years at this site. A core 
from an un-named basin north of Akitio Trough, in the 
outer Hawkes Bay distributary system, is dominated by 
hemipelagite and contains no turbidites that can be 
identified visually by X-ray radiography. 
 
Northern Slope basins: In the outer accretionary wedge off 
Hawkes Bay, the Rock Garden and Ritchie Ridge perched 
slope basins produced cores that contain hemipelagite 
interbedded with silty turbidites and/or tephra. Cores from 
the slope basin east of Rock Garden (TAN1613- 35-36; 
Rock1) and Ritchie Ridge each contain two silty turbidites 
above the inferred Tāupo tephra, providing a turbidite RI 
of ~860 years. Basin sites east of Ritchie Ridge (TAN1613-
37 and -38, Ritchie 2; TAN1613-41, Ritchie3) contain tephra 
beds but no turbidites. 
 
DISCUSSION 
 
At sites along the margin for which preliminary 
chronological information is available, turbidite 
emplacement occurs on centennial timescales with RIs 
ranging from 170 years to 860 years. Rates of turbidite 
emplacement generally decrease from south to north 
along the margin and with distance down distributary 
systems from the coast. 
 
Centennial scale RIs for turbidite deposition along most of 
the margin indicate that the records are prospective for 
turbidite paleoseismology. The RIs are broadly consistent 
with existing paleo-earthquake rates along the margin 
(Figure 1). For example, there have been five co-seismic 
coastal uplift events along the Wairarapa coast in the last 
1700 years, which broadly agree with the number of 
turbidites observed in Opouawe and Madden canyon cores 
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from six sediment distributary systems that contain cores 
with a tephra inferred to be the Tāupo tephra (1718±10 
CalBP), or where core-bottom radiocarbon ages provide 
chronologic contraint. We stress that turbidite counts and 
chronostratigraphic interpretations are preliminary and may 
change. Nonetheless, they provide valuable insights into the 
potential turbidite paleoseismology along the margin. 
 
RESULTS 
 
Cores are composed of the terrigenous-dominated 
sequences included layers of gravel, sand, and mud, 
hemipelagite, and volcanic ash. Many of these layers are 
turbidites, some of which may be seismogenic. An 
overview of the preliminary lithostratigraphy of discrete 
distributary systems and isolated slope basins for which 
some form of chronology exist are outlined below. 
 
Cook Strait Canyon: Cores from Cook Strait Canyon are 
characterised by a sedimentary sequence containing up to 
two gravelly beds approaching 20 cm thick, overlain by 
interbedded hemipelagic and turbidite very fine sandy silts. 
Gravelly turbidites are present in cores from the canyon 
floor (TAN1613-06 Cook 4), a terrace perched above the 
canyon floor (TAN1613-05 Cook2), and at the mouth of the 
canyon (TAN1613-03 Cook 6). The turbidite gravels contain 
abundant shell fragments and clasts that are sub-rounded 
and have long-axis diameters up to 10 mm. The core from 
the canyon floor contains a sequence of three fining upward 
beds. Interbedded hemipelagites and silty turbidites overly 
the gravel bed. Cores contain up to five turbidites including 
the basal gravel. Four of these are above a 14C age on 
planktonic foraminifera of 966-755 CalBP, giving a turbidite 
recurrence interval (RI) of ~170 years. 
 
Opouawe Canyon: Cores from Opouawe Canyon (TAN1613-04 
Opouawe 1; TAN1613-07 Opouawe 2) are characterised by 
hemipelagic sequences of dark olive grey, very-fine sandy silts 
with abundant dark planar and convoluted colour laminations. 
These hemipelagites are interbedded with turbidites that 
have silty very fine sand bases (e.g., Figure 2). The core from 
the mouth of the Opouawe Canyon (Opouawe 2) contains a 
thin sequence of interbedded hemipelagites and turbidites 
(~60 cm) overlain by grey and bluish black very-fine sandy silt 
that has convoluted bedding and is interpreted as a debrite. In 
Opouawe 1, five turbidites occur above a tephra interpreted 
as Taupo (476.5 cm) and a 14C age on planktonic foraminifera 
(484.5 cm) of 1845-2087 CalBP. Based on this chronology the 
turbidite RI for the canyon is ~340 years. 
 
Madden Canyon distributary system: The cores from the 
Madden Canyon and the Porangahau Basin are 
characterised by interbedded hemipelagites, silty turbidites, 
and sandy turbidites. Hemipelagites are composed of dark 
greenish to greenish grey, very-fine sandy silts, with isolated 
darker colour mottles and convoluted colour laminations. 
Turbidite morphology ranges from silty turbidites with little 
structure to complex sandy turbidites with multiple upward 
fining units at their base (e.g., Figure 2). Only in isolated 
instances is it possible to visually distinguish hemipelagites 
from the tails of silty turbidites. Three cores from the 

Madden Canyon contain the inferred Tāupo tephra. There 
are five sandy turbidites above the tephra in TAN1613_28 
MC6 from the upper canyon, and six above it in core 
TAN1613-27 MC5 from the canyon mouth. These sites have 
turbidite RI of ~340 and ~290 years, respectively. These RIs 
are minimums because silty turbidites are also present, but 
their number has not been quantified from preliminary 
work. TAN1613_25_MC1 from Akitio Trough in the outer 
Madden distributary system contains silty turbidites but 
none above the Tāupo tephra. 
 
Hawkes Bay distributary system: The cores from the upper 
slope off southern Hawkes Bay, including Omakere Trough 
(TAN1613-33; HB5) and the inner Paoanui Basin (TAN1613-
49; HB4), are characterised by interbedded hemipelagite, 
silty turbidites, and sandy turbidites. Hemipelagic 
sediments are characterised by dark greenish to greenish 
grey very-fine sandy silts that are generally massive and 
contain isolated convoluted colour laminations (Figure 2). 
Turbidites in these cores range from structurally complex 
sandy turbidites with multiple fining upward units to 
structurally simple silty turbidites (Figure 2). In contrast, 
the cores from the Paoanui Trough (TAN1613-34; HB6 and 
TAN1613-30; HB3) are dominated by hemipelagites and 
contain few visible turbidites. A single turbidite occurs 
above the inferred Tāupo tephra in TAN1613-30; HB3 
suggesting a turbidite RI of 860 years at this site. A core 
from an un-named basin north of Akitio Trough, in the 
outer Hawkes Bay distributary system, is dominated by 
hemipelagite and contains no turbidites that can be 
identified visually by X-ray radiography. 
 
Northern Slope basins: In the outer accretionary wedge off 
Hawkes Bay, the Rock Garden and Ritchie Ridge perched 
slope basins produced cores that contain hemipelagite 
interbedded with silty turbidites and/or tephra. Cores from 
the slope basin east of Rock Garden (TAN1613- 35-36; 
Rock1) and Ritchie Ridge each contain two silty turbidites 
above the inferred Tāupo tephra, providing a turbidite RI 
of ~860 years. Basin sites east of Ritchie Ridge (TAN1613-
37 and -38, Ritchie 2; TAN1613-41, Ritchie3) contain tephra 
beds but no turbidites. 
 
DISCUSSION 
 
At sites along the margin for which preliminary 
chronological information is available, turbidite 
emplacement occurs on centennial timescales with RIs 
ranging from 170 years to 860 years. Rates of turbidite 
emplacement generally decrease from south to north 
along the margin and with distance down distributary 
systems from the coast. 
 
Centennial scale RIs for turbidite deposition along most of 
the margin indicate that the records are prospective for 
turbidite paleoseismology. The RIs are broadly consistent 
with existing paleo-earthquake rates along the margin 
(Figure 1). For example, there have been five co-seismic 
coastal uplift events along the Wairarapa coast in the last 
1700 years, which broadly agree with the number of 
turbidites observed in Opouawe and Madden canyon cores 

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

(Clark et al., 2015, and references therein). Likewise, there 
have been two co-seismic uplift events at Mahia Peninsula 
over the last 1700 years, which agrees the two turbidites 
recorded above the inferred Tāupo tehra in the northern 
slope basin cores. In contrast, only a single turbidite is 
recorded above the inferred Tāupo tephra in the inner 
Paoanui Basin and Paoanui Trough, despite four co-seismic 
subsidence events over the same interval in Hawkes Bay 
(Haywood et al., 2006, 2015). In addition, the RI estimates 
from the Hawes Bay distributary system and the northern 
slope basins agrees with the RI for larger magnitude 
earthquakes presented by Pouderoux et al. (2014), even 
though these represent different time scales. 
 

 
Figure 2: True colour image and X-ray radiograph showing an example 
of a typical sequence of interbedded hemipelagite, structurally 
complex sandy based turbidites and structurally simple silty turbidites. 
Sequence from core TAN1613-33 (HB5) from the Omakere Trough. 
 
Reasons for the misfit between the number of paleoseismic 
events and turbidites may involve incompleteness in either 
the paleoseismic or turbidite records, earthquake 
hypocentre locations situated too distally to trigger turbidite 
emplacement, mis-identification of the Tāupo tephra, 
differences in the threshold to record paleoearthquake 
records for these different paleoseismic methods, possible 
non-megathrust (e.g. upper or lower plate) earthquake 
sources, and/or turbidite deposition by non-seismic 
mechanisms. Resolving these issues will require correlation 
of turbidites between discrete distributary systems using 
both the petrophysical character of turbidites and high-
resolution geochronology both of which are the focus of on-
going investigations. 
 
The relations between turbidite emplacement and the 
paleoseismic record also reveals one of the most 
significant challenges of applying turbidite 
paleoseismology to this margin, the high density of upper 
plate faults. The frequency of turbidite emplacement 
would be consistent with the interpretation that the cores 
contain a signature of both upper-plate and subduction 
zone earthquakes. Producing a subduction zone 
earthquake record on this margin however, will require the 
sedimentary signature of these and potentially lower plate 

seismogenic sources to be unravelled. Untangling 
earthquakes sourced from the dense network of upper 
plate faults from large subduction interface events 
requires evidence of synchronous turbidite triggering over 
sufficiently large areas to eliminate upper plate fault 
sources. For example, great and giant earthquakes would 
be expected to produce strong ground shaking over very 
large (>200 km long) regions. Consequently, determining 
the relations between fault source length, the spatial 
distribution of ground motions, turbidity current triggering 
and turbidite deposition for this margin is essential (e.g., 
Goldfinger et al., 2012; Patton et al., 2015). 
 
The 2016 Mw7.8 Kaikōura earthquake presents an 
unprecedented opportunity to study these relations. This 
event occurred during the Tangaroa TAN1613 survey, and 
led to an immediate survey response by way of a suite of 
Hikurangi Trough channel and basin floor multicores being 
acquired to investigate possible turbidite emplacement 
(Figure 1). The cores indeed revealed a very recently 
emplaced, still-fluidised turbidite along the Hikurangi 
Trough. Mountjoy et al. (submitted) have since dated the 
turbidite to the earthquake using radionuclides in the 
Tan1613 cores, demonstrated widespread landsliding and 
net erosion in Kaikōura canyon, and established a recurrence 
for this event of about 140 years. Ongoing studies of this 
turbidite in parallel with our work on the paleo-turbidite 
records will provide an excellent analogue for the upper 
plate earthquakes along the Hikurangi margin. 
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Abstract: Liquefaction features preserved in the sub-surface provide evidence for earthquake-generated strong ground shaking 
exceeding threshold intensities for liquefaction. Analysis of liquefaction features preserved in the geologic record enables the 
approximate timing and site-specific Peak Ground Accelerations of the causative paleo-earthquake(s) to be estimated, while 
regional examination enables the epicentral location and magnitude to be approximated. Examination of liquefaction features 
formed during recent events in New Zealand provides insights into the typical morphologies and preservation potential of 
liquefaction features and aids the identification and interpretation of paleo-liquefaction features. Paleo-liquefaction 
investigations provides a fault-independent methodology by which return times of strong ground motions may be estimated for 
a given region, and may be employed to assess seismic hazards in areas where the distribution of active faults is uncertain, 
and/or many active fault sources are present. 
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INTRODUCTION 
 
Liquefaction may occur in unconsolidated and fluid-
saturated sediments as earthquake-induced cyclic shearing 
causes the soil structure to break down and pore-water 
pressures to increase to the static confining pressure 
(Boulanger and Idriss, 2014). Liquefied sediment may be 
ejected to the ground surface where it typically manifests as 
surficial sand blows, blistering of the surface, and/or lateral 
spreading-induced ground surface fissuring (Obermeier et 
al. 2005). Surficial features are typically rapidly re-worked 
into surrounding deposits. Sub-surface features are likely to 
be present in the geologic record where host sediments are 
preserved and include dikes that fed the surface sand-blows, 
laterally injected sills, and/or other injection features 
(Obermeier et al., 2005). Preserved features, termed paleo-
liquefaction, provide evidence for paleo-earthquakes with 
site-specific ground motion intensities exceeding threshold 
values required to trigger liquefaction. Analysis of preserved 
features provides a fault-independent methodology by 
which the timing and magnitude of historic and/or pre-
historic events can be examined (e.g. Obermeier et al. 2001). 
 
Paleo-liquefaction investigations have been employed to 
assess seismic hazards in areas where blind active faults are 
known to exist, such as the New Madrid Seismic Zone (e.g. 
Tuttle, 2001). Investigations typically rely on the accurate 
identification of liquefaction features, interpretation of their 
relative ages, and constraint on the shaking intensities under 
which liquefaction was triggered (Green et al., 2005). Ages 
of liquefaction features and, thus, the timing of the paleo-
event may be approximated by dating bounding stratigraphy 
(Obermeier et al., 2005). The threshold ground motion 
intensity required to trigger liquefaction at a given site can 
be determined from site-specific geotechnical tests (e.g. 
Cone Penetration Tests) using simplified liquefaction 
triggering methodologies and assuming the earthquake 

shaking must have exceeded the minimum liquefaction 
triggering intensity threshold (i.e. Factor of Safety against 
liquefaction <1; Boulanger and Idriss (2014)). The ground 
motion intensity threshold for liquefaction triggering can be 
quantified in terms of required magnitude-weighted peak 
ground acceleration (PGA7.5), which represents the 
equivalent peak ground acceleration (PGA) for a Mw 7.5 
event required to trigger liquefaction at a given site. The 
identification and dating of liquefaction features across a 
region, combined with minimum thresholds against 
liquefaction triggering enables the epicentral location and 
magnitude of the paleo-earthquake to be approximated 
(e.g. Maurer et al., 2015). 
 
Liquefaction and associated phenomena have been 
reported following upwards of 13 recent and historical 
earthquakes in New Zealand (Fairless & Berrill, 1984; 
Maurer et al., 2015). Liquefaction features formed during 
these events are likely to be present in the sub-surface 
sediments. Collation of the extents of liquefaction 
manifestations following these events enables areas 
underlain by sediments with low cyclic resistances to 
liquefaction to be identified. These areas may be targeted 
to document the preservation potential of liquefaction 
features and/or examine the presence of paleo-
liquefaction. Herein, the potential applications of paleo-
liquefaction investigations as an additional tool for 
assessing seismic hazards are outlined using examples 
from recent and historical earthquakes in New Zealand. 
 
SPATIAL DISTRIBUTIONS OF LIQUEFACTION FEATURES 
 
Documentation of the spatial extents and morphologies of 
liquefaction features following recent earthquakes 
provides insights into the settings in which liquefaction 
typically manifests and the associated preservation 
potential. Detailed mapping of surface manifestations 
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quantified in terms of required magnitude-weighted peak 
ground acceleration (PGA7.5), which represents the 
equivalent peak ground acceleration (PGA) for a Mw 7.5 
event required to trigger liquefaction at a given site. The 
identification and dating of liquefaction features across a 
region, combined with minimum thresholds against 
liquefaction triggering enables the epicentral location and 
magnitude of the paleo-earthquake to be approximated 
(e.g. Maurer et al., 2015). 
 
Liquefaction and associated phenomena have been 
reported following upwards of 13 recent and historical 
earthquakes in New Zealand (Fairless & Berrill, 1984; 
Maurer et al., 2015). Liquefaction features formed during 
these events are likely to be present in the sub-surface 
sediments. Collation of the extents of liquefaction 
manifestations following these events enables areas 
underlain by sediments with low cyclic resistances to 
liquefaction to be identified. These areas may be targeted 
to document the preservation potential of liquefaction 
features and/or examine the presence of paleo-
liquefaction. Herein, the potential applications of paleo-
liquefaction investigations as an additional tool for 
assessing seismic hazards are outlined using examples 
from recent and historical earthquakes in New Zealand. 
 
SPATIAL DISTRIBUTIONS OF LIQUEFACTION FEATURES 
 
Documentation of the spatial extents and morphologies of 
liquefaction features following recent earthquakes 
provides insights into the settings in which liquefaction 
typically manifests and the associated preservation 
potential. Detailed mapping of surface manifestations 
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following the 2010-2011 Canterbury Earthquake Sequence 
indicated that widespread liquefaction occurred across 
much of eastern Christchurch (Figure 1A; Quigley et al., 
2016). Severe manifestations were observed proximal to 
meandering rivers and were shown by Bastin et al. (2013) 
to be orientated sub-parallel to the closest waterway. In 
addition, mapping within Blenheim following the 2016 Mw 
7.8 Kaikoura earthquake indicated that liquefaction 
predominantly manifested to the east of the township in 
areas hosting shallow water-tables and underlain by 
young, unconsolidated fluvial deposits (Figure 1B; Stringer 
et al. (2017); Bastin et al., (in review)). The comparably 
more localized manifestations within Blenheim reflects the 
lower ground accelerations of the Kaikoura earthquake 
(~0.1 g; GEER (2017)) compared to the CES (~0.2 g; Bradley 
& Hughes, (2012)). The spatial distributions indicate that 
areas underlain by recent fluvial sediments and hosting 
shallow water-tables are highly susceptible to liquefaction. 
Similar distributions have been reported in other areas of 
New Zealand such as Whakatane following the 1987 
Edgecumbe earthquake (Bastin et al., 2017). 
 

 
Figure 1: A) Distribution of liquefaction in Christchurch as mapped 
following the 2010-2011 Canterbury Earthquake Sequence. B) 
Distribution of liquefaction in Blenheim following the 2016 
Kaikoura earthquake. 
 
SUB-SURFACE MORPHOLOGIES OF LIQUEFACTION 
FEATURES 
 
Trenching investigations undertaken in Christchurch 
following the 2010-2011 CES and in Blenheim following the 
2016 Kaikoura earthquake indicated that the surficial 
liquefaction features correspond with sub-vertical and 
planar dikes in the sub-surface (e.g. Bastin et al. (2015); 
(2016); Bastin et al. (in prep)). The sub-surface liquefaction 
dikes were shown to be uniformly composed of grey, well 

sorted fine to medium sand and cross-cut the stratigraphy 
from the trench floor to the surface (i.e. Figure 2; Bastin et 
al. (2015 and 2016)). The features generally range in width 
from 1 to 50 cm and increase in width with depth, 
indicating that they formed by the upwards flow of 
liquefied sediment rather than downward-propagating 
surface cracking (Figure 2). The sediment within the dikes 
lacks the oxidation and mottling developed within the 
surrounding stratigraphy indicating their recent 
emplacement. The morphologies of these features are 
consistent with sub-surface liquefaction features 
described in previous studies by Obermeier et al. (2005) 
and indicate that liquefaction features are typically 
preserved in the sub-surface as sub-vertical dikes. 
 

 
Figure 2: A) Dike preserving evidence for four episodes of 
liquefaction (i-iv) as observed in eastern Christchurch (modified 
from Quigley et al., (2016)). B) Interpreted field photograph 
indicating the similar morphologies of the CES (Mx) and pre-CES 
(Px) dikes (modified from Bastin et al., (2015)). 
 
Extensive trenching investigations at a site in eastern 
Christchurch in which upwards of 6 liquefaction triggering 
events are inferred throughout the CES, revealed sub-
surface dikes that preserved evidence for between 1-4 
episodes of liquefaction (shown in Figure 2A; Quigley et al. 
(2016)). Separate liquefaction events were recognized as 
internal dike parallel silt linings separating internal 
conduits and identical to those formed along the dike 
margins. The preservation 1-4 liquefaction-triggering 
events, despite the upwards of 6 events inferred for the 
site, indicates that the geologic record is likely to under-
represent the number of liquefaction triggering 
earthquakes. It may therefore be difficult to discern 
whether a feature represents a single liquefaction-
triggering event, or multiple, closely spaced events 
resulting from clustered earthquakes. 
 
Identification of paleo-liquefaction 
Documentation of the spatial distributions of surficial 
liquefaction following recent earthquakes and 
documentation of their preservation potential indicates that 
paleo-liquefaction is likely to be present in areas that have 
been subjected to strong ground shaking and underlain by 
recent fluvial sediments. Evidence of liquefaction is likely to 
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be preserved as sub-vertical and planar dikes orientated sub-
parallel to proximal waterways. 
Paleo-liquefaction investigations have recently been 
undertaken within Christchurch, Blenheim, Whakatane, 
Napier, and Hamilton to determine whether sub-surface 
evidence of paleo-liquefaction is present, and to ground-
truth liquefaction hazard assessments. Trenching 
investigations were undertaken in areas underlain by 
sediments with low cyclic resistances to liquefaction, with 
trenches excavated perpendicular to river banks to enable 
best possible chances of intersecting features. 
 
Sub-surface liquefaction features of consistent 
morphologies to those formed during the CES and 2016 
Kaikoura earthquake were consistently observed during 
the trenching (i.e. Figure 2). Sub-vertical and planar dikes 
composed of mottled and oxidized, well-sorted fine to 
medium grained sand were identified in the trenches and 
cross-cut surrounding stratigraphy (example shown in 
Figure 2B). The mottling and oxidation developed within 
the features indicates their pro-longed exposure to 
fluctuating water tables and thus indicates emplacement 
during historic/ pre-historic events. Approximate timing of 
the paleo-earthquakes forming these features were 
derived from cross-cutting relationships and dating of the 
surrounding stratigraphy. 
 
Paleo-liquefaction features observed in the eastern 
Christchurch suburb of Avonside were found to be truncated 
by a flood-unit at 0.7 m depth (Figure 2B; see Bastin et al. 
(2015) for a detailed description). Radiocarbon dating of a 
sample obtained from underlying stratigraphy provided a 2σ 
calibrated age of 1660-1803, indicating the feature formed 
during an event that post-dates 1660. The feature was 
additionally cross-cut by an anthropogenic pit associated 
with an adjacent wool scouring factory, indicating the 
feature pre-dates closure of the factory in ca. 1905. The 
identification of pre-CES dikes indicates that an earthquake 
generating PGA in excess of the liquefaction triggering 
threshold occurred within Christchurch between 1660 and 
1905. This is consistent with the New Zealand Seismic 
Hazard Model which predicts approximate return times of 
50 years for PGAs of 0.11g (MMI 6-7) and 200 years for PGAs 
of 0.22g (MMI 7-8) for class C material (shallow soils) in the 
Christchurch area (Stirling et al., 2008). 
 
Paleo-liquefaction features were additionally observed 
during trenching for a road construction project in 
Hamilton. Radiocarbon dating of material from within the 
trench combined with well-constrained timing of tephra 
deposits indicates the features formed >6,000 y BP, and 
likely between 6,000 – 26,500 y BP (Clayton et al., 2017). 
 
Constraining approximate shaking intensities of the 
paleo-earthquakes 
The identification of paleo-liquefaction provides evidence 
for earthquakes exceeding the threshold value required to 
trigger liquefaction and confirms the presence of sediments 
with low cyclic resistances to liquefaction. The threshold 
may be back-calculated from proximal CPT using the 
simplified liquefaction analysis methodologies and ground 

motion prediction equations to produce a curve of 
magnitudes sufficient and insufficient to trigger liquefaction 
at the given site (e.g. Figure 3, and described in detail in 
Maurer et al. (2015)). A similar approach can be used to 
perform a back-analysis for a given historical event to 
determine the likelihood of liquefaction being triggered at a 
given site (see Bastin et al. (2016)). However, these 
methodologies require assumptions to be made on the 
amount of sedimentation that has occurred at the site and 
the likely depth to ground-water during the paleo-event. The 
amount of sediment overlying the paleo-liquefaction 
features may be back-stripped for the analysis to account for 
sedimentation at the site since the paleo-event however this 
adds additional uncertainties. 
 

 
Figure 3: Example of back-calculated magnitude-bound curves 
comparing earthquake magnitude and distance to liquefaction as 
derived from New Zealand events by Maurer et al. (2015). 
 
For example, a CPT sounding conducted at the site of 
paleo-liquefaction in Avonside indicates that the material 
at 1.6 - 2.15 m depth was potentially liquefiable (FS <1) 
under the PGA of the Mw 7.1 September 2010 and Mw 6.2 
February 2011 earthquakes. The computed minimum PGA 
required to liquefy this unit during these events are 0.15 g 
and 0.19 g respectively. The presence of pre-CES and CES 
liquefaction indicates the area has remained highly 
susceptible to liquefaction and thus it is likely that 
liquefaction was triggered under similar PGA for the pre-
CES event. In areas where there are large uncertainties in 
the back-calculation, it may be assumed that the threshold 
most likely exceeds the global liquefaction triggering 
threshold of PGA7.5 0.09 g, as derived by Santucci de 
Magistris et al. (2013). 
 
The ability to back-calculate earthquake magnitudes relies 
on the accurate identification of the epicentral location 
and associated liquefaction manifestations. The minimum 
magnitude may be derived using site-to-source distances 
utlilzing curves of the distance from the epicentral location 
to the most distal liquefaction feature (e.g. Figure 3 and 
see Maurer et al. (2015)). 
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be preserved as sub-vertical and planar dikes orientated sub-
parallel to proximal waterways. 
Paleo-liquefaction investigations have recently been 
undertaken within Christchurch, Blenheim, Whakatane, 
Napier, and Hamilton to determine whether sub-surface 
evidence of paleo-liquefaction is present, and to ground-
truth liquefaction hazard assessments. Trenching 
investigations were undertaken in areas underlain by 
sediments with low cyclic resistances to liquefaction, with 
trenches excavated perpendicular to river banks to enable 
best possible chances of intersecting features. 
 
Sub-surface liquefaction features of consistent 
morphologies to those formed during the CES and 2016 
Kaikoura earthquake were consistently observed during 
the trenching (i.e. Figure 2). Sub-vertical and planar dikes 
composed of mottled and oxidized, well-sorted fine to 
medium grained sand were identified in the trenches and 
cross-cut surrounding stratigraphy (example shown in 
Figure 2B). The mottling and oxidation developed within 
the features indicates their pro-longed exposure to 
fluctuating water tables and thus indicates emplacement 
during historic/ pre-historic events. Approximate timing of 
the paleo-earthquakes forming these features were 
derived from cross-cutting relationships and dating of the 
surrounding stratigraphy. 
 
Paleo-liquefaction features observed in the eastern 
Christchurch suburb of Avonside were found to be truncated 
by a flood-unit at 0.7 m depth (Figure 2B; see Bastin et al. 
(2015) for a detailed description). Radiocarbon dating of a 
sample obtained from underlying stratigraphy provided a 2σ 
calibrated age of 1660-1803, indicating the feature formed 
during an event that post-dates 1660. The feature was 
additionally cross-cut by an anthropogenic pit associated 
with an adjacent wool scouring factory, indicating the 
feature pre-dates closure of the factory in ca. 1905. The 
identification of pre-CES dikes indicates that an earthquake 
generating PGA in excess of the liquefaction triggering 
threshold occurred within Christchurch between 1660 and 
1905. This is consistent with the New Zealand Seismic 
Hazard Model which predicts approximate return times of 
50 years for PGAs of 0.11g (MMI 6-7) and 200 years for PGAs 
of 0.22g (MMI 7-8) for class C material (shallow soils) in the 
Christchurch area (Stirling et al., 2008). 
 
Paleo-liquefaction features were additionally observed 
during trenching for a road construction project in 
Hamilton. Radiocarbon dating of material from within the 
trench combined with well-constrained timing of tephra 
deposits indicates the features formed >6,000 y BP, and 
likely between 6,000 – 26,500 y BP (Clayton et al., 2017). 
 
Constraining approximate shaking intensities of the 
paleo-earthquakes 
The identification of paleo-liquefaction provides evidence 
for earthquakes exceeding the threshold value required to 
trigger liquefaction and confirms the presence of sediments 
with low cyclic resistances to liquefaction. The threshold 
may be back-calculated from proximal CPT using the 
simplified liquefaction analysis methodologies and ground 

motion prediction equations to produce a curve of 
magnitudes sufficient and insufficient to trigger liquefaction 
at the given site (e.g. Figure 3, and described in detail in 
Maurer et al. (2015)). A similar approach can be used to 
perform a back-analysis for a given historical event to 
determine the likelihood of liquefaction being triggered at a 
given site (see Bastin et al. (2016)). However, these 
methodologies require assumptions to be made on the 
amount of sedimentation that has occurred at the site and 
the likely depth to ground-water during the paleo-event. The 
amount of sediment overlying the paleo-liquefaction 
features may be back-stripped for the analysis to account for 
sedimentation at the site since the paleo-event however this 
adds additional uncertainties. 
 

 
Figure 3: Example of back-calculated magnitude-bound curves 
comparing earthquake magnitude and distance to liquefaction as 
derived from New Zealand events by Maurer et al. (2015). 
 
For example, a CPT sounding conducted at the site of 
paleo-liquefaction in Avonside indicates that the material 
at 1.6 - 2.15 m depth was potentially liquefiable (FS <1) 
under the PGA of the Mw 7.1 September 2010 and Mw 6.2 
February 2011 earthquakes. The computed minimum PGA 
required to liquefy this unit during these events are 0.15 g 
and 0.19 g respectively. The presence of pre-CES and CES 
liquefaction indicates the area has remained highly 
susceptible to liquefaction and thus it is likely that 
liquefaction was triggered under similar PGA for the pre-
CES event. In areas where there are large uncertainties in 
the back-calculation, it may be assumed that the threshold 
most likely exceeds the global liquefaction triggering 
threshold of PGA7.5 0.09 g, as derived by Santucci de 
Magistris et al. (2013). 
 
The ability to back-calculate earthquake magnitudes relies 
on the accurate identification of the epicentral location 
and associated liquefaction manifestations. The minimum 
magnitude may be derived using site-to-source distances 
utlilzing curves of the distance from the epicentral location 
to the most distal liquefaction feature (e.g. Figure 3 and 
see Maurer et al. (2015)). 
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IMPLICATIONS AND APPLICATIONS FOR PALEO-SEISMIC 
HAZARD ASSESSMENTS AND INITIAL CONCLUSIONS 
 
Analysis of paleo-liquefaction features provides an 
alternative, fault independent means by which return 
times of strong ground motions may be examined. 
Features are likely to be present where host sediments are 
preserved and provide a means by which paleo-
earthquakes may be detected. Paleo-liquefaction 
investigations may be used to supplement paleo-seismic 
hazard assessments in areas where many fault sources are 
known to exist and/or the distribution of active faults is 
uncertain. The identification of paleo-liquefaction features 
relies on investigations to be undertaken in areas underlain 
by sediments with a low cyclic resistance to liquefaction 
and may be aided by the distributions of surface 
manifestations from historical events. 
 
The distributions of liquefaction following recent and 
historical earthquakes in New Zealand indicate that areas 
underlain by recent fluvial sediments in areas hosting 
shallow water tables are highly susceptible to liquefaction. 
Examination of sub-surface features formed during recent 
events indicates liquefaction features typically comprise 
sub-vertical and planar dikes composed of fine to medium 
sand. Trenching in areas underlain by sediments with low 
cyclic resistances to liquefaction across New Zealand has 
revealed evidence for paleo-liquefaction preserved in the 
geologic record. These features provide evidence for 
paleo-earthquakes with site-specific ground accelerations 
exceeding threshold values for liquefaction and therefore 
may be used to make inferences on the return times of 
strong ground motions. Further work is required to 
determine approximate timing and epicentral locations of 
previous earthquakes generating site-specific peak ground 
accelerations exceeding the threshold value for 
liquefaction. 
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Abstract: The fluctuations in the extent of the Weichselian ice sheet have induced earthquakes due to crustal rebound. These 
earthquakes constitute potential natural hazards for the Baltic Sea and adjacent areas. The GREBAL research project focuses 
on recognizing layers of unconsolidated fine-grained sediments that were deformed by earthquakes – seismites – in the 
southern part of the Baltic Sea Basin (north-central and eastern Europe) in the context of neotectonic activity. The seismites 
under study, characterized by a high concentration of soft-sediment deformation structures, are considered evidence of the 
glacio-isostatic rebound resulting from retreat and/or advance of the Scandinavian Ice Sheet during the Pleistocene. Our 
contribution presents general theses and main objectives of the GREBAL project and summarizes preliminary results of the 
research from eastern Germany, northern Poland and Lithuania. 
 
Key words: seismites, glacio-isostatic rebound, soft-sediment deformation structures 
 
 
INTRODUCTION 
 
A better understanding of the character of glacio-isostatic 
rebound during the Quaternary can deepen the insight 
into the behaviour of ice sheets and help to reveal the 
history of natural hazards, as well as to mitigate 
potentially negative consequences of deglaciation. The 
main objective of the GREBAL project (Recognition of 
traces left by earthquakes in Pleistocene sediments 
affected by glacio-isostatic rebound in the Baltic Sea 
Basin) is to refine the palaeoenvironmental understanding 
of the neotectonic history of the southern part of the 
Baltic Sea Basin (Germany, Poland, Lithuania, Latvia, 
Estonia) on the basis of reconstructions of glacio-isostatic 
rebound as a result of phases of retreat of the 
Scandinavian Ice Sheet. The area on which the project 
focuses is consequently located along the zone of 
maximum extent of the Quaternary ice sheets. 
 
Thick ice caps exert a high pressure on the substratum, 
resulting in crustal subsidence during rapid ice accretion 
and in uplift during melting of the ice masses. The uplift of 
the Earth crust apparently was not gradual, but 
commonly shock-wise. Variations in the strain caused by a 
fluctuating extent of the ice cover during the Pleistocene 
led to rapid relaxation of accumulated stresses triggering 
earthquakes. The resulting shock waves could, under 
specific conditions, leave traces in laterally extensive 
layers in the form of deformed unconsolidated fine-
grained sediments - seismites - characterized by a high 

concentration of liquefaction-induced soft-sediment 
deformation structures (SSDS). To be classified as a 
seismite, the deformed layer must meet most of several 
criteria (Owen et al., 2011; Moretti & Van Loon, 2014). 
 
North-central and eastern Europe is considered as currently 
low-seismicity area; yet, numerous significant earthquakes 
such as those near Rostock in 2001 (Mw = 3.4) and offshore 
the Kaliningrad district of Russia in 2004 (Mw = 5.2) have 
been documented during the past decades. 
 
Within the GREBAL project, sedimentological analyses of 
relatively young Pleistocene seismites are used as an 
important tool for detailed reconstruction of the 
palaeoseismic activity in formerly glaciated areas. 
Comparison of regional analogies in the deformed layers 
may help to develop better criteria for the recognition of 
glaciation-related seismites, and to extend our knowledge 
concerning the formation of SSDS due to seismic shocks. 
These objectives are to be obtained by field investigations 
with emphasis on sedimentological and structural 
aspects, such as tracing faults in the hard-rock substratum 
which may have been reactivated during glaciation and/or 
deglaciation phases, as well as by computer modelling of 
seismically triggered liquefaction. 
 
Previous research has proven the occurrence of a wide 
variety of SSDS triggered by earthquake-induced shocks. 
Fluidization-induced normal faults, ball-and-pillow 
structures, flame structures, sills and irregular sedimentary 
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Abstract: The fluctuations in the extent of the Weichselian ice sheet have induced earthquakes due to crustal rebound. These 
earthquakes constitute potential natural hazards for the Baltic Sea and adjacent areas. The GREBAL research project focuses 
on recognizing layers of unconsolidated fine-grained sediments that were deformed by earthquakes – seismites – in the 
southern part of the Baltic Sea Basin (north-central and eastern Europe) in the context of neotectonic activity. The seismites 
under study, characterized by a high concentration of soft-sediment deformation structures, are considered evidence of the 
glacio-isostatic rebound resulting from retreat and/or advance of the Scandinavian Ice Sheet during the Pleistocene. Our 
contribution presents general theses and main objectives of the GREBAL project and summarizes preliminary results of the 
research from eastern Germany, northern Poland and Lithuania. 
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INTRODUCTION 
 
A better understanding of the character of glacio-isostatic 
rebound during the Quaternary can deepen the insight 
into the behaviour of ice sheets and help to reveal the 
history of natural hazards, as well as to mitigate 
potentially negative consequences of deglaciation. The 
main objective of the GREBAL project (Recognition of 
traces left by earthquakes in Pleistocene sediments 
affected by glacio-isostatic rebound in the Baltic Sea 
Basin) is to refine the palaeoenvironmental understanding 
of the neotectonic history of the southern part of the 
Baltic Sea Basin (Germany, Poland, Lithuania, Latvia, 
Estonia) on the basis of reconstructions of glacio-isostatic 
rebound as a result of phases of retreat of the 
Scandinavian Ice Sheet. The area on which the project 
focuses is consequently located along the zone of 
maximum extent of the Quaternary ice sheets. 
 
Thick ice caps exert a high pressure on the substratum, 
resulting in crustal subsidence during rapid ice accretion 
and in uplift during melting of the ice masses. The uplift of 
the Earth crust apparently was not gradual, but 
commonly shock-wise. Variations in the strain caused by a 
fluctuating extent of the ice cover during the Pleistocene 
led to rapid relaxation of accumulated stresses triggering 
earthquakes. The resulting shock waves could, under 
specific conditions, leave traces in laterally extensive 
layers in the form of deformed unconsolidated fine-
grained sediments - seismites - characterized by a high 

concentration of liquefaction-induced soft-sediment 
deformation structures (SSDS). To be classified as a 
seismite, the deformed layer must meet most of several 
criteria (Owen et al., 2011; Moretti & Van Loon, 2014). 
 
North-central and eastern Europe is considered as currently 
low-seismicity area; yet, numerous significant earthquakes 
such as those near Rostock in 2001 (Mw = 3.4) and offshore 
the Kaliningrad district of Russia in 2004 (Mw = 5.2) have 
been documented during the past decades. 
 
Within the GREBAL project, sedimentological analyses of 
relatively young Pleistocene seismites are used as an 
important tool for detailed reconstruction of the 
palaeoseismic activity in formerly glaciated areas. 
Comparison of regional analogies in the deformed layers 
may help to develop better criteria for the recognition of 
glaciation-related seismites, and to extend our knowledge 
concerning the formation of SSDS due to seismic shocks. 
These objectives are to be obtained by field investigations 
with emphasis on sedimentological and structural 
aspects, such as tracing faults in the hard-rock substratum 
which may have been reactivated during glaciation and/or 
deglaciation phases, as well as by computer modelling of 
seismically triggered liquefaction. 
 
Previous research has proven the occurrence of a wide 
variety of SSDS triggered by earthquake-induced shocks. 
Fluidization-induced normal faults, ball-and-pillow 
structures, flame structures, sills and irregular sedimentary 
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intrusions, dikes and sand volcanoes were recognized 
within Weichselian Pleniglacial to Late Glacial alluvial-fan 
deposits at Oerlinghausen and Augustdorf in NW Germany 
(Brandes & Winsemann, 2013). The responsible shock was 
generated along the Osning Thrust. A combination of 

liquefaction-, faulting-, and slumping-induced deformations 
were described from a Late Glacial glaciolacustrine 
succession in a cliff section on the Gnitz peninsula at the 
Weiβe Berg site in NE Germany (Hoffmann & Reicherter, 
2012, see point and photo 2 in Fig. 1). 

 
Figure 1: General map of seismites recognized in the southern part of the Baltic Sea Basin (stars), with their relationshop to the maximum 
ice-sheet extent. The photos show SSDS from sites(1-10). 
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Seismites with liquefaction- and fluidization-induced folding, 
collapse structures, as well as sag and load structures within 
Warthanian/Eemian lacustrine sediments were recognized at 
Siekierki in NW Poland (Van Loon & Pisarska-Jamroży, 2014, 
see point and photo 3 in Fig. 1). Druzhinina et al. (2017) 
recently proposed a paleoseismic origin of structures in 
Holocene deposits at Ryadino (Šešupė River Valley, 
Kaliningrad District, Russia), from where tongue-shaped and 
dome-shaped diapir-like structures were described. In the 
easternmost part of study area, seismites were recognized at 
Valmiera (Gauja river valley, NW Latvia) and Rakuti (Daugava 
river valley, SE Latvia, see points and photos 9-10 in Fig. 1) 
within Late Weichselian glaciofluvial and glaciolacustrine 
sands and silts (Van Loon et al., 2016). 
 
The intraplate neotectonic activity of north-central 
Europe has been summarized by Brandes et al. (2015). 
 
RESULTS 
 
New data have recently been obtained by investigation of 
two unconsolidated fine-grained (muds, muddy sands and 
fine sands) seismites in the Dwasieden coastal cliff of Rügen 
Island near Sassnitz (NE Germany, see point and photo 1 in 
Fig. 1). These seismites have been dated as Late 
Weichselian, during a phase of ice advance. The abundant 
SSDS include (1) loading structures (load casts, flame 
structures, pseudonodules, ball-and-pillow structures and 
mud diapirs), (2) fluid-escape structures, and (3) brittle 
deformations (small-scale faults). The overall thickness of 
the deformed unit is 0.5 m and the lateral extent of the 
seismites is at least some 125 m. The abundant SSDS in the 
lower one are interpreted as having also been deformed 
under periglacial conditions. The observations suggest 
faulting phases during gradual subsidence of the Earth crust 
as a result of increasing ice load during ice advance. 
 
In NW Poland, Saalian seismic activity has been recognized 
within a glaciolacustrine succession at Ujście (Pisarska-
Jamroży et al., in review, see point and photo 4 in Fig. 1). 
Two layers with SSDS (load casts, flame structures and 
pseudonodules) induced by liquefaction and fluidization 
processes were recognized. The two deformed layers are 
believed to have been caused by seismic shocks. 
 
Pisarska-Jamroży & Woźniak (in review, see point and 
photo 5 on Fig. 1) proposed a seismic trigger as the most 
probable cause of deformations in the Middle Pleistocene 
glaciolacustrine fan deposits in the Rzucewo coastal cliff 
in N Poland (Puck Bay). Fold structures, load structures 
(load casts, pseudonodules and flame structures), water-
escape structures, brittle deformations (medium- and 
small-scale upthrusts and normal faults), and fragments 
of broken-up laminae are present. 
 
The preliminary results of research in Lithuania suggest 
different phases of seismic activity during deglaciation 
phases. Deformed layers with abundant SSDS occur at 
Dyburiai (Minija river valley, see point and photo 6 on Fig. 1), 
Seredžius Slinktis (Dubysa river valley, see point and photo 7 
on Fig. 1) and Liciškėnai (see point and photo 8 on Fig. 1). 
More detailed investigation of these sites is going on. 

 
DISCUSSION 
 
The preliminary results confirm that earthquakes 
connected with fluctuation in the extent of the 
Scandinavian Ice Sheet occurred as a result of rapid 
relaxation of accumulated stresses. The faulting may have 
occurred during both advance and retreat of the ice 
sheet. Dating of recently recognized seismites suggests 
faulting phases in between gradual down-pressing of the 
Earth crust during ice advance and multi-stage rebound. 
 
The main challenge of the GREBAL project is to develop 
unambiguous criteria that allow to distinguish SSDS caused 
by seismicity due to post-glacial rebound from other SSDS 
(e.g. by gravitational processes, salt tectonics, glaciotectonics, 
permafrost processes). Therefore, further research will be 
devoted to tracing faults in the deep geological subsurface 
that could be reactivated during the Pleistocene, finding 
regional analogies in the Baltic Sea Basin, and establishing the 
frequency of earthquakes in combination with numerical 
modelling of seismically triggered liquefaction. 
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Abstract: The relative motion between the South Caspian Basin (SCB) and its surroundings is accommodated by left-lateral fault 
systems in Iran, and the right-lateral Main Kopeh Dagh Fault (aka Ashgabat Fault) in Turkmenistan. Determining the rates of 
slip on these faults is key for understanding the motion of the SCB. However, several different tectonic models exist due to the 
uncertainties in the existing data. Here, we present the findings from preliminary fieldwork in Turkmenistan with the aims of (i) 
Providing estimates of the long-term slip-rate on the Main Kopeh Dagh Fault, (ii) Providing initial estimates of its past earthquake 
activity, and (iii) Better understanding the seismic hazard to the city of Ashgabat which is home to ~1 million people. We show 
surface evidence for a large magnitude earthquake that is not known in the historical record and we report offset geomorphic 
markers that will allow estimation of slip rates. 
 
Key words: Main Kopeh Dagh Fault; Turkmenistan; South Caspian Basin; slip rate 
 
 
MOTIVATION 
 
To the east and southeast of the South Caspian Basin 
(SCB), shortening related to continental collision is taken 
up by faults in Northeastern Iran and Turkmenistan (Fig. 
1A). The SCB moves as an independent block, but the 
direction and rates are poorly understood (Jackson et al., 
2002). Attempts to measure the motion of the SCB 
concentrate on observations from its boundaries, as 
there are no GPS stations offshore and the scarcity of 
strong instrumentally-recorded earthquakes does not 
allow precise constraint on the motion from moment 
tensor solutions. The relative motion between the SCB 
and surrounding parts of Iran and Turkmenistan is 
accommodated by the Shahroud left-lateral fault system 
in Iran, and the right-lateral Main Kopeh Dagh Fault 
(MKDF; also known as Ashgabat Fault) in Turkmenistan. 
Determining the rates and directions of slip on these two 
faults is the key for determining the motion of the SCB, 
and yet there are relatively few estimates at present, and 
as such, several different tectonic models exist. 
 
InSAR measurements of strain accumulation across the 
Shahroud fault system reveal 5-6 mm/yr of left-lateral 
motion being stored across the fault (Mousavi et al., 2015). 
This is consistent with GPS measurements of strain 
accumulation if the pole of rotation of the SCB is sited far 
from it. Similar measurements across the MKDF have large 
uncertainties such that the rate of strain accumulation is 
anywhere in the range 5-12 mm/yr (Walters et al., 2011). 
From existing GPS measurements in Iran it can be 
estimated that the slip rate of the MKDF is up to 7.5 mm/yr 
(right-lateral), though it is unclear how well-constrained 
this estimate is because the GPS stations are sited far from 
the fault (Mousavi et al., 2013). 

 
Figure 1: A) Location of the study area. Empty dots are 
earthquakes with MW>5.5 from the ISC-GEM database, 1900-2014 
(ISC, 2014), black lines are faults from Mousavi et al. (2013) and 
own mapping. SCB: South Caspian Basin. Inset marks figure 1B. B) 
Detailed view of the study area NW of Sünce. Blue dots are field 
sites, active fault traces in black. 
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Ashgabat experienced a damaging M7.2 earthquake in 
1948 (Orasymbetov et al., 1960). The rupture did not occur 
on the MKDF, but on the nearby Gyaurs Faults (Berberian 
& Yeats, 2001). Apart from this, there is little information 
on strong earthquakes in the territory of Turkmenistan 
such that field investigations are necessary to understand 
fault activity. 
 

 
Figure 2: Different generations of offset streams incised into 
alluvial fans record right-lateral motion of the MKDF. Sets of 
streams can be restored with offsets between 100-750 m. 
 
SLIP RATE OF THE MAIN KOPEH DAGH FAULT 
 
In order to directly measure the fault’s slip rate and to 
investigate its earthquake history we conducted a first field 
work campaign in 2016. We concentrated on five sites to 
the NW of Sünce, about 150 km away from Ashgabat (Fig. 
1B). Judging from the geomorphology, this region is 
characterised by slip partitioning: (i) A NW-SE trending 
strike-slip fault offsets linear and planar markers such as 
terraces and streams, and (ii) A thrust fault with the same 
strike shows vertical offsets in the youngest alluvial 
deposits a few kilometres further to the NE. 
 
We analysed satellite imagery of the strike-slip fault to 
identify suitable targets for long-term slip rate estimates. 
Streams incised into alluvial fans of various ages record 
right-lateral offsets of up to 750 m (Fig. 2). 

In order to date the abandonment of the surfaces, we 
excavated pits up to 2 m deep into the alluvial fans and 
sampled fine-grained material for OSL/IRSL burial dating (Fig. 
3). These ages combined with the measured offsets will allow 
us to calculate the slip-rate. All samples are currently being 
processed and we have no dating results yet. 
 

 
Figure 3: Fine-grained material from the offset alluvial fans was 
sampled for OSL/IRSL dating of surface abandonment. 
 

 
Figure 4: Offset river terraces along the mountain front, DGPS 
profiles are marked in orange, white arrows mark the fault, and 
inset shows the vertical offset recorded in profile P5. 
 
Along the thrust fault that parallels the strike-slip fault we 
found river terraces with up to 10 m vertical offset (Fig. 4). 
We measured the vertical separation of the surfaces with 
differential GPS (DGPS). The terrace units include mainly 
coarse fluvial gravels, but also show fine-grained bands 
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near the surface (Fig. 5). These silty-sandy layers were 
sampled for OSL/IRSL dating, which is underway, and shall 
allow us to determine a vertical slip rate for this part of the 
fault. Unfortunately, no good outcrop of the fault itself was 
encountered, which is why we have only limited 
constraints on the subsurface geometry so far. 
 

 
Figure 5: River terraces offste by the thrust fault, white arrows 
mark the fault, person (CG) encirceled for scale.  
 
EARTHQUAKE HISTORY OF THE MAIN KOPEH DAGH FAULT 
 
In order to better understand the seismic hazard of the 
MKDF, as characterised by earthquake recurrence intervals, 
magnitudes, mechanisms, and slip per event, it is necessary 
to extend the earthquake catalogue by means of 
paleoseismic trenching. 
 

 
Figure 6: An uphill-facing scarp that probably formed in a single 
earthquake along the strike-slip fault can be traced for several tens 
of kilometres. Person (RW) for scale, white arrows mark the trace 
of the surface rupture. 
 
We identified a paleo-surface rupture along the strike-slip 
fault with more than 5 m horizontal offset that probably 
occurred in a single, large event. In most places we also 
observed a dip-slip component of the rupture that formed 
an uphill-facing scarp (Fig. 6). The surface rupture can be 
traced for several tens of kilometres and may correspond 
to an earthquake of M~7.5 based on scaling relationships 
between offset/length and earthquake magnitude (Wells 
& Coppersmith, 1994). We used DGPS to create a high-
resolution DEM of an area that was chosen for a more 
detailed study (Fig. 7). 
 
A hand-dug trench was excavated across the fault where 
sediment had ponded against an uphill-facing scarp (Fig. 8). 
The 1.2 m deep trench revealed fine-grained sediment (fine 
sands and silt) juxtaposed with coarse boulders that were 

surrounded by a sandy-silty matrix. Our preliminary 
interpretation is that a surface-rupturing earthquake offset 
the coarse alluvial fan material by at least 1.2 m vertically (the 
trench depth) and several metres horizontally as evidenced by 
the offset of a nearby channel. Fine-grained sediment then 
ponded against the scarp and filled the accommodation space, 
leading to the present day morphology with its flat plateau at 
the scarp (Fig. 8). We sampled the fine-grained material for 
OSL/IRSL dating, which is currently underway. 
 

 
Figure 7: DGPS-derived DEM of the trench site. The DEM was 
computed from the DGPS point cloud by triangulation using QGIS. 
White arrows mark the faul trace, rectangle shows the trench site. 
 

 
Figure 8: Trench site with the uphill-facing scarp and trench log. 
 
Offset fluvial sediments were observed along the thrust 
fault near Sünce (Figs. 1, 9). In a river cutting we identified 
~0.5 m of horizontal shortening and ~0.3 m of vertical 
offset along a thrust fault dipping ~25° to the south. The 
faulting affects sediments just 1.5 m above present day 
river level in the youngest river terrace. We sampled both 
the hanging wall and the footwall for OSL/IRSL and are 
currently waiting for the results. 
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Offset fluvial sediments were observed along the thrust 
fault near Sünce (Figs. 1, 9). In a river cutting we identified 
~0.5 m of horizontal shortening and ~0.3 m of vertical 
offset along a thrust fault dipping ~25° to the south. The 
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Figure 9: A thrust fault offsets the youngest layers of a river terrace 
near Sünce. Upper panel: The outcrop before cleaning and 
sampling; colours, saturation, and contrast were enhanced for 
better visibility. Lower panel: Annotated outcrop with the two 
OSL/IRSL sample locations on either side of the fault (white dots).  
 
CONCLUSIONS 
 
We combined remote-sensing and field observations from 
a field work campaign in 2016 to better understand the 
slip-rate and earthquake history of the MKDF in 
Turkmenistan. Several hundreds of metres of horizontal 
offsets are recoded in rivers and alluvial fans, which we 
sampled for OSL/IRSL dating of the fan abandonment. 
These data will be used to narrow down the slip rate of the 
fault, which will allow to better constrain the tectonic 
behaviour of the South Caspian Basin. We present 
geomorphologic and stratigraphic evidence for past 
surface-rupturing earthquakes. Our preliminary results will 

pave the way for future, more in-depth studies and help to 
better understand the seismogenic behaviour of the Main 
Kopeh Dagh Fault. These data are urgently needed as the 
capital city with its ~1 million inhabitants is very close to 
the main fault trace and has already been devastated by an 
earthquake in 1948, which, however, occurred on a 
secondary structure. 
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Abstract: Numerical modeling of the formation of soft sediments deformation structures resulted from earthquakes requires 
specific tools which are adopted for solving time-dependent, non-linear fluid flow problems. Existing computer codes developed 
mainly for modeling of seismic wave propagation, focus on seismic signals received at some distance from the wave source. 
Linear wave equations applied in such codes cannot face the problem of sediments movement in disturbed, non-homogenous 
media. In this work, we present new SSDF modeling method using shock physics hydrocode iSALE2D. The used code has been 
originally developed to simulate hyper velocity impact processes and is currently under the modification aimed at its adaptation 
for this scientific goal. Such approach allows for reconstruction of seismites spatial distribution and geometry, which makes it 
innovative and noteworthy.
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INTRODUCTION 
 
Paleoseismological research relies on recognition of 
seismic deformation structures, especially their size, 
outer shape, and internal structure. Such deformation 
structures are a result of the seismic wave propagation 
which causes sediments to liquefy. So, there is a 
progressive change in the palaeoearthquakes traces left 
in the sediments. 
 
About 90 percent of seismic deformation structures 
occur at a distance lower than 40 km from the epicenter 
(Galli, 2000), while most of them (related with the 
earthquake magnitude 5-7) are formed at a distance of 
about 20 km from the epicenter (Papadopoulos & 
Lefkopoulos, 1993). Lower magnitude earthquakes 
cause the sediments to liquefy only at a small distance 
from the epicenter. 
 
Not all earthquakes result in liquefaction (Owen and 
Moretti, 2011), because liquefaction and fluidization 
occur only if the shock is strong enough and if the 
sediments are sufficiently susceptible to deformation. 
According to Allen (1986), Ambraseys (1988) and Galli 
(2000), liquefaction features are unlikely to develop in 
earthquakes of magnitude less than 5. The magnitude, M, 
of an earthquake that can cause liquefaction is at least M 
= 4.5-5 (see for instance, Rodríguez-Pascua et al., 2000). 
 
The spatial distribution and lateral position of different 
sizes and types of seismic deformation structures is well 
established and a very useful tool allowing the 
reconstruction of past seismic events (Owen et al., 
2011; Hoffmann & Reicherter, 2012, Moretti & Van 
Loon, 2014; Van Loon & Pisarska-Jamroży, 2014, Van 
Loon et al., 2016). 
 
Numerical modeling of the formation of soft sediment 
deformation structures resulted from seismic wave 

propagation requires tools adapted for computing fluid 
dynamics time dependent, non-linear problems. Well 
established method for solving such problems is 
hydrocode modeling – computer simulations able to 
model fluid flow at all speeds using conservations laws 
from macroscopic point of view together with equation 
of state for a given medium of wave propagation 
(Anderson, 1987). 
 
METHODS 
 
To investigate the formation of soft-sediment seismic 
deformation structures, we have used the iSALE-2D 
shock physics code (Wünnemann et al., 2006), which is 
based on the SALE hydrocode solution algorithm 
(Amsden et al., 1980) and has been originally developed 
to simulate hyper velocity impact processes. SALE was 
modified to include an elasto-plastic constitutive 
model, fragmentation models, various equations of 
state (EoS), and multiple materials (Melosh et al. 1992; 
Ivanov et al. 1997). More recent improvements include 
a modified strength model (Collins et al. 2004) and a 
porosity compaction model (Wünnemann et al., 2006; 
Collins et al., 2011). iSALE has been benchmarked 
against other hydrocodes (Pierazzo et al., 2008) and 
validated against experimental data (Pierazzo et al., 
2008; Davison et al., 2011; Miljković et al., 2012). 
iSALE2D hydrocode is based on ALE (Arbitrary 
Lagrangian Eulerian) method, what means that the code 
allows material to flow through the computational 
mesh (Hirt et al., 1974). The code can simulate up to 
three different materials with various properties as 
strength, compaction and damage models. 
 
The use of hydrocode modeling to study the seismites 
and their spatial distribution and geometry allows the 
precise reconstruction of the whole seismic event. Such 
approach has never been used in previously studies. 
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RESULTS 
 
Although the work is still ongoing, we expect the 
following results: 
1. The recognition of the soft sediment deformation 

structures caused by the seismic wave propagation 
and comparison with deformation structures 
obtained by Owen (1996) in experiment. 

2. The recognition of spatial distribution of the soft 
sediment deformation structures resulted from the 
specific magnitude earthquake.  

3. The reconstruction of the soft sediment deformation 
structures formation processes, i.e. the energy 
distribution and forces responsible for their 
geometry development. 

4. The clarification of criteria for the soft-sediment 
seismic deformations diagnosis. 
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Abstract: Sub-bottom acoustic profile surveys at lakes Dasserat, Duparquet, and Dufresnoy, Quebec, Canada, revealed multiple 
stratigraphic occurrences of subaqueous mass transport deposits (MTDs) of early Holocene age. Compiled event horizon maps 
range in composition from a single, isolated MTD to numerous, widespread deposits that are the product of multiple, 
synchronous failures. Analysis of glaciolacustrine rhythmic couplets that are interbedded between the MTDs yielded precise 
varve ages for the event horizons. Thirteen paleoearthquakes are interpreted from a total of 23 event horizons within the three 
lakes that accumulated between 9400 and 8720 ± 200 14C cal BP. The level of interpretative confidence for the paleoearthquakes 
varies from high to low, reflecting the weight of evidence supporting the paleoearthquake interpretations. 
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INTRODUCTION 
 
Earthquake shaking can be represented stratigraphically 
within lake basins as event horizons composed of multiple, 
synchronously-aged, mass transport deposits (MTDs). A 
paleoearthquake interpretation is strong when multi-MTD 
event horizon signatures are correlated between lake 
basins and therefore represent a regionally synchronous 
occurrence that is best explained by a seismic mechanism. 
Developing accurate and precise chronology for the lake 
deposits, however, can be a challenge, particularly with 
studies investigating timescales extending into the mid- or 
early Holocene. Age uncertainty can complicate the 
correlation of possibly common prehistoric event horizons 
between lake basins. 
 
This paper summarizes event horizon stratigraphies of MTDs 
from study areas at lakes Dufresnoy, Duparquet and 
Dasserat, situated 24 to 38 km apart in western Quebec, 
eastern Canada (Fig. 1). In all three lakes, the event horizons 
are interbedded within glaciolacustrine deposits that 
accumulated within glacial Lake Ojibway, which existed 
during regional deglaciation. Event horizon chronology is 
interpreted from the rhythmic couplets of the Timiskaming 
varve series and has annual resolution. The results of the 
study provide insights into the interpretation of event 
horizon stratigraphies that accumulated in sub-basins of a 
major glacial lake during regional deglaciation. 
 
STUDY AREA 
 
Lakes Dufresnoy, Duparquet and Dasserat are located in the 
Rouyn-Noranda region of western Quebec, near the 
Ontario-Quebec border, about 380 km northwest of Ottawa, 
Notario, Canada’s national capital (Fig. 1). The lakes are 
situated within an intracratonic setting in eastern Canada 
and are in-line with, but situated ~180 km north of the 
concentrated belt of historical seismicity known as Western 
Quebec Seismic Zone (WQSZ; Fig.1). The 1935 Temiskaming 

earthquake (M 6.1) with an epicentre located about 190 km 
south of the study area, is the most significant historical 
earthquake in the northern portion of the WQSZ. 
 

 
Figure 1: Map of the location of the Lake Dupaerquet, Dufresnoy 
and Dasserat study areas, Quebec, and historical seismicity of the 
Western Quebec Seismic Zone, eastern Canada (Source: Natural 
Resources Canada). 
 
The study area lakes are located within the area of western 
Quebec-northeastern Ontario inundated by a large glacial lake 
that was impounded against the northerly retreating 
Laurentide Ice Sheet. This lake, known at different stages as 
lakes Barlow, Barlow-Ojibway or Ojibway, formed within the 
isostatically-depressed landscape between roughly 11.0 and 
8.4 14C ka cal BP (Vincent and Hardy 1979; Veillette 1994; Dyke 
et al., 2003; Breckenridge et al., 2012). Rhythmically laminated 
and bedded couplets that accumulated in the glacial lake are 
interpreted to be annual varves. Initially compiled by Antevs 
(1925, 1928), the ‘Timiskaming varve series’ consists of about 
2100 rhythmic couplets that can be correlated between 
different locations across the region by varve thickness 
patterns. Following the terminology of other studies in the 
area, the varves in lakes Duparquet, Dufresnoy and Dasserat 
are referred to as glacial Lake Ojibway deposits.



8TH INTERNATIONAL PATA DAYS 2017                           PROGRAMME63

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
 

Varve ages and the paleoearthquake interpretations of event horizons from three lakes, 
Quebec, Canada 

 
Brooks, Gregory (1) 

 
(1)    Geological Survey of Canada, Natural Resources Canada, 601 Booth Street, Ottawa, Ontario, Canada, K1A0E8. Email 
greg.brooks@canada.ca. 
 
 
Abstract: Sub-bottom acoustic profile surveys at lakes Dasserat, Duparquet, and Dufresnoy, Quebec, Canada, revealed multiple 
stratigraphic occurrences of subaqueous mass transport deposits (MTDs) of early Holocene age. Compiled event horizon maps 
range in composition from a single, isolated MTD to numerous, widespread deposits that are the product of multiple, 
synchronous failures. Analysis of glaciolacustrine rhythmic couplets that are interbedded between the MTDs yielded precise 
varve ages for the event horizons. Thirteen paleoearthquakes are interpreted from a total of 23 event horizons within the three 
lakes that accumulated between 9400 and 8720 ± 200 14C cal BP. The level of interpretative confidence for the paleoearthquakes 
varies from high to low, reflecting the weight of evidence supporting the paleoearthquake interpretations. 
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The study area lakes are located within the area of western 
Quebec-northeastern Ontario inundated by a large glacial lake 
that was impounded against the northerly retreating 
Laurentide Ice Sheet. This lake, known at different stages as 
lakes Barlow, Barlow-Ojibway or Ojibway, formed within the 
isostatically-depressed landscape between roughly 11.0 and 
8.4 14C ka cal BP (Vincent and Hardy 1979; Veillette 1994; Dyke 
et al., 2003; Breckenridge et al., 2012). Rhythmically laminated 
and bedded couplets that accumulated in the glacial lake are 
interpreted to be annual varves. Initially compiled by Antevs 
(1925, 1928), the ‘Timiskaming varve series’ consists of about 
2100 rhythmic couplets that can be correlated between 
different locations across the region by varve thickness 
patterns. Following the terminology of other studies in the 
area, the varves in lakes Duparquet, Dufresnoy and Dasserat 
are referred to as glacial Lake Ojibway deposits.
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Figure 2: Diagram depicting the ages of the event horizons and unmapped mass transport deposits (MTDs) encountered in core from the 
Duparquet, Dufresnoy, and Dasserat study areas, superimposed on the respective varve thickness plots. Data for Lac Dasserat is from Brooks 
(2016a, 2016b). Varve numbering follows that of the Timiskaming varve series. Across the top of the diagram are three groupings of varve ages 
for disturbed glaciolacustrine deposits exposured at other locations within the glacial Lake Ojibway basin, as compiled by Brooks (2016b, his Fig. 
9). The event horizons superimposed on a shaded rectangle are interpreted to represent paleoearthquakes with the level of interpretative 
confidence keyed by colour shading and a letter code. Unshaded event horizons and unmapped MTDs are not interpreted to represent 
paleoearthquakes. 
 
RESULTS AND INTERPRETATIONS 
 
Ten, eight and five event horizons maps were compiled for 
the MTDs that are interbedded within the glaciolacustrine 
deposits, using dense grids of sub-bottom acoustic profiles 
with approximately decimetre-scale resolution, at the 
Duparquet (64 line-km), Dufresnoy (103 line-km) and 
Dasserat (144 line-km) study areas, respectively. Each map 
depicts the MTDs interpreted to occur at a common 
stratigraphic level in the sub-bottom. The event horizon 
maps range in composition from an isolated MTD, which is 
the product of a single failure, to multiple MTDs that are 
widely distributed and coalesced in the sub-bottom and 
the product of numerous failures. To weight the relative 
differences between the event horizons, the signatures are 

classified as: strong (greater than six MTDs); moderate 
(three to five MTDs); or single/paired (one or two MTDs). 
Cores recovering glaciolacustrine and mass transport 
deposits were collected at six, four and three sites within 
the Dasserat, Duparquet and three Dufresnoy study areas, 
respectively. Rhythmic couplet analysis yielded varve ages 
for the twenty-three event horizons and four unmapped 
MTDs, as shown on Fig. 2. The unmapped MTDs were 
encountered in core, but are too thin to recognize in the 
profile returns or too limited in extent to map. Fig. 2 also 
includes three groupings of varve ages representing 
disturbed glaciolacustrine deposits located elsewhere in 
the glacial Lake Ojibway basin that are reported by Antevs 
(1925, 1928) and Hughes (1959). 
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The evidence supporting a possible paleoearthquake 
interpretations of a given event horizon is variable, 
depending on: the weight of the MTD signature(s), the 
possible age correlation of horizons between the study 
areas or to a disturbed deposit(s) mentioned in the 
literature, and the likelihood of an aseismic mechanism 
explaining the triggering of the MTD(s). As regards the 
latter factor, Brooks (2016b) reviewed possible aseismic 
triggering mechanisms for event horizons at Lac Dasserat 
that are interbedded within deep-water glaciolacustrine 
deposits of glacial Lake Ojibway. He considered that 
grounded iceberg keels, high sedimentation rates, and 
wave actions possibly could account for a horizon 
composed of one or two MTDs, but are unlikely to cause 
the numerous synchronous failures associated with a 
strong or moderate multi-MTD event horizon. He further 
considered that a major, rapid drawdown of water level 
could trigger widespread multiple failures, but noted that 
there are no known drawdown events of glacial Lake 
Ojibway during the timespan of the Dasserat varve series. 
Brooks’ (2016b) assessment of aseismic mechanisms is 
considered applicable to the event horizons of the 
Duparquet and Dufresnoy study areas, which were located 
within a similar deep-water, depositional setting of glacial 
Lake Ojibway and span a similar time period.  
 
To reflect the variable evidence for the paleoearthquake 
interpretations, a qualitative confidence level is assigned 
to the interpretations in Fig. 2. A high confidence is applied 
to an interpretation based on strong or moderate event 
horizons in two or three of the study areas having identical 
varve ages. The medium-high confidence level is assigned 
to an interpretation when a strong or moderate event 
horizon in one of the study areas correlates closely to the 
age of one or more disturbed deposits mentioned in the 
literature. The comparison of ages is made with 
consideration of a ±2 vyr uncertainty between the varve 
ages. A medium-low confidence is given to a horizon with 
a strong MTD signature that is present in only one study 
area and for which the wider extent is unknown. A low 
confidence is assigned to a horizon with a moderate MTD 
signature present within only one study area. An isolated 
single/paired MTD signature within one of the study areas 
is not considered to be evidence of a paleoearthquake 
because an aseismic mechanism could very well account 
for the failure(s). 
 
The varve chronologies between the three study areas 
overlapped approximately between vyr1175-1625 (which 
is equivalent to 9395-8945 ± 200 14C cal BP; Fig. 2). Of the 
mapped event horizons over this interval, sixteen are 
inferred to be evidence of thirteen paleoearthquakes (Fig. 
2). Two paleoearthquakes occurring in vyr1483 and 
vyr1383 are interpreted with high confidence, based on 
event horizons with identical varve ages occurring in three 
and two of the study areas, respectively (Fig. 2). Event 
horizons in the Dasserat study area that are very close to 
the inferred varve ages of disturbed deposits reported in 
the literature are interpreted to represent 
paleoearthquakes in vyr1324 or 1322, and vyr1263 with 
medium-high confidence (Fig. 2). The other nine 

interpreted paleoearthquakes are based on the hypothesis 
that the strong (three) and moderate (six) multi-MTD 
signatures within a single study area are best explained by 
a paleoearthquake, but with medium-low or low 
confidence (Fig. 2). None of the seven event horizons with 
single/paired MTD signatures or the four unmapped MTD 
are considered to be indicative of a paleoearthquake, 
based on available data. 
 

 
Figure 3: Illustrative radiograph images of core from the 
Dufresnoy, Duparquet and Dasserat study areas showing the varve 
sequence overlying the interpreted vyr1359, vyr1367 and vyr1364 
mass transport deposits (MTDs), respectively. The varve thickness 
patterns support the interpretation that the MTDs occurred at 
distinctly separate intervals three and five varve years apart. 
 
DISCUSSION 
 
The paleoearthquake interpretations and the assessments 
of interpretative confidence are derived from the strong 
and moderate weightings of the event horizon signatures 
and, where possible, evidence supporting a geomorphic 
footprint extending beyond a given study area (Fig. 2). 
Determining the geomorphic footprint is dependent on the 
resolution of the varve chronology. All comparisons of 
event horizon varve ages between the study areas are 
resolved at an annual resolution, using the presence of 
distinctive varves in the radiograph images as a correlative 
guide. Thus, event horizons with age differences as low as 
two to five varve years are considered to represent 
separate mass transport depositional events between the 
study areas (Fig. 2). This approach creates a greater 
number of interpreted earthquakes in the study areas. 
However, it is more conservative than inferring fewer 
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signature present within only one study area. An isolated 
single/paired MTD signature within one of the study areas 
is not considered to be evidence of a paleoearthquake 
because an aseismic mechanism could very well account 
for the failure(s). 
 
The varve chronologies between the three study areas 
overlapped approximately between vyr1175-1625 (which 
is equivalent to 9395-8945 ± 200 14C cal BP; Fig. 2). Of the 
mapped event horizons over this interval, sixteen are 
inferred to be evidence of thirteen paleoearthquakes (Fig. 
2). Two paleoearthquakes occurring in vyr1483 and 
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event horizons with identical varve ages occurring in three 
and two of the study areas, respectively (Fig. 2). Event 
horizons in the Dasserat study area that are very close to 
the inferred varve ages of disturbed deposits reported in 
the literature are interpreted to represent 
paleoearthquakes in vyr1324 or 1322, and vyr1263 with 
medium-high confidence (Fig. 2). The other nine 

interpreted paleoearthquakes are based on the hypothesis 
that the strong (three) and moderate (six) multi-MTD 
signatures within a single study area are best explained by 
a paleoearthquake, but with medium-low or low 
confidence (Fig. 2). None of the seven event horizons with 
single/paired MTD signatures or the four unmapped MTD 
are considered to be indicative of a paleoearthquake, 
based on available data. 
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Dufresnoy, Duparquet and Dasserat study areas showing the varve 
sequence overlying the interpreted vyr1359, vyr1367 and vyr1364 
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patterns support the interpretation that the MTDs occurred at 
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DISCUSSION 
 
The paleoearthquake interpretations and the assessments 
of interpretative confidence are derived from the strong 
and moderate weightings of the event horizon signatures 
and, where possible, evidence supporting a geomorphic 
footprint extending beyond a given study area (Fig. 2). 
Determining the geomorphic footprint is dependent on the 
resolution of the varve chronology. All comparisons of 
event horizon varve ages between the study areas are 
resolved at an annual resolution, using the presence of 
distinctive varves in the radiograph images as a correlative 
guide. Thus, event horizons with age differences as low as 
two to five varve years are considered to represent 
separate mass transport depositional events between the 
study areas (Fig. 2). This approach creates a greater 
number of interpreted earthquakes in the study areas. 
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paleoearthquakes at an implied higher interpretive 
confidence and greater magnitude because of wider 
(apparent) spatial footprints. 
 
An example of this circumstance is demonstrated by the 
vyr1359 (Dufresnoy), vyr1364 (Dasserat) and vyr1367 
(Duparquet) event horizons occurring at five- and three-
varve-year intervals within an eight varve year span (Fig. 3). 
If considered to be close enough in age to indicate a 
common mass transport depositional event, then these 
event horizons could be inferred to represent a 
paleoearthquake at a medium-high interpretative 
confidence and with a spatial footprint encompassing all 
three study areas. However, relative to the vyr1483 
paleoearthquake, in which horizons in all three study areas 
date to a common varve year and each exhibits a strong 
multi-MTD signature (Fig. 2), this probably is an incorrect 
interpretation. Thus, these horizons are deemed better 
interpreted as a paleoearthquake with low confidence (the 
Dufresnoy moderate MTD signature in vyr1359) and the 
other two horizons as representing insufficient evidence 
for a paleoearthquake interpretation. 
 
CONCLUSIONS 
 
Thirteen paleoearthquakes occurring between vyr1175-
1625 (9395-8945 ± 200 14C cal BP) are interpreted from 
sixteen of twenty-three mapped event horizons. None of 
the remaining seven event horizons with a single/paired 
MTD signature or the four minor, unmapped MTDs are 
interpreted as evidence of a paleoearthquake. The precise 
chronological control provided by the varves allows event 
horizons separated by two to five varve years to be 
differentiated between the study areas and interpreted as 
distinctly different depositional events. The presence of 
such closely-aged event horizons likely is impossible to 
recognize as separate depositional events in the post-
glacial lacustrine portion of the lake deposits, since varve 
formation generally does not occur within Canadian Shield 
lakes, except in special circumstances, such as Meromictic 
lakes, which are uncommon. The event horizon 
stratigraphies from the Duparquet, Dufresnoy and 

Dasserat studies areas provide insights into paleoseismic 
activity during deglaciation within an intracratonic tectonic 
setting of eastern Canada. 
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Abstract: Surface rupture and slip from the Mw 7.8 2016 Kaikōura Earthquake have been mapped in the region between the 
Leader and Charwell rivers using field mapping and LiDAR data. The eastern Humps, north Leader and Conway-Charwell faults 
ruptured the ground surface in the study area. The E-NE striking ‘The Humps’ Fault runs along the base of the Mt Stewart range 
front, appears to dip steeply NW and intersects the NNW-NNE Leader Fault which itself terminates northwards at the NE striking 
Conway-Charwell Fault. The eastern Humps Fault is up to the NW and accommodates oblique slip with reverse and right lateral 
displacement. Net slip on ‘The Humps’ Fault is ≤4 m and produced ≤4 m uplift of the Mt Stewart range during the earthquake. 
The Leader Fault strikes NNW-NNE with dips ranging from ~10° west to 80° east and accommodated ≤4 m net slip comprising 
left-lateral and up-to-the-west vertical displacement. Like the Humps west of the study area, surface-rupture of the Leader Fault 
occurred on multiple strands. The complexity of rupture on the Leader Fault is in part due to the occurrence of bedding-parallel 
slip within the Cretaceous-Cenozoic sequence. Although the Mt Stewart range front is bounded by ‘The Humps’ Fault, in the 
study area neither this fault nor the Leader Fault were known to have been active before the earthquake. Fieldwork and trenching 
investigations are ongoing to characterise the geometry, kinematics and paleoseismic history of the mapped active faults. 
 
 
Key words: Kaikōura earthquake, surface rupture, North Canterbury, New Zealand 
 
 
INTRODUCTION 
 
The Kaikōura Earthquake on 14th November 2016 produced 
a complex array of fault ruptures which propagated north-
eastward for about 180 km from an epicentre on the Waiau 
Plains in north Canterbury (Hamling et al, 2017; Litchfield et 
al., in review). Surface ruptures and slip of up to 12 m 
occurred on NE-SW striking faults in the Marlborough Fault 
System and the north Canterbury (tectonic) domain. 
Northeast-striking faults were known to be active prior to 
the earthquake, and include the Kekerengu Fault, ‘The 
Humps’ Fault and the Jordan Thrust. Displacement also 
occurred on several approximately N-S striking faults, 
including the Leader Fault, which were typically not known 
to be active before the 2016 earthquake (Litchfield et al., in 
review). Collectively these two main fault sets produce an 
interconnected fault network. 
 
In this study we mapped the location, geometry and slip of 
surface rupture during the Kaikōura Earthquake for an area 
of ~400 km2 between the Leader and Charwell rivers 
(Figure 1). The main structures that ruptured in the study 
area are the eastern Humps, north Leader and Conway-
Charwell faults. ‘The Humps’ and Leader faults intersect 
and, for the purposes of this work, have been distinguished 
based on their sense of slip with the former being right-
lateral and the latter left-lateral. The Conway-Charwell 
Fault is parallel to, and within 2 km of, the Hope Fault and 
it here considered to be part of the Hope Fault zone (Figure 
1). These faults have been mapped using a combination of 
field observations (e.g., GPS surveying, bedrock mapping 
and tape measurements) together with interpretation of 
LiDAR-derived digital elevation models and orthophotos. 
 

 
Figure 1: Preliminary map of fault surface ruptures in the 2016 
Kaikōura earthquake (red lines); active faults indicated by grey 
lines. Approximate positions of Leader (left) and Charwell (right) 
rivers are indicated by light blue lines. Study area lies between 
these two rivers.. Figure modified from Stirling et al. (2017). 
 
The primary objective of research is to comprehensively 
map the geometry and slip of surface ruptures in the study 
area. These data constrain the interrelationships of the 
surface ruptures together with helping us to understand 
how earthquakes produced the bedrock structure and 
landscape on million-year timescales. These studies will be 
augmented by trenching to characterise the paleoseismic 
histories of the faults. 
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Abstract: Surface rupture and slip from the Mw 7.8 2016 Kaikōura Earthquake have been mapped in the region between the 
Leader and Charwell rivers using field mapping and LiDAR data. The eastern Humps, north Leader and Conway-Charwell faults 
ruptured the ground surface in the study area. The E-NE striking ‘The Humps’ Fault runs along the base of the Mt Stewart range 
front, appears to dip steeply NW and intersects the NNW-NNE Leader Fault which itself terminates northwards at the NE striking 
Conway-Charwell Fault. The eastern Humps Fault is up to the NW and accommodates oblique slip with reverse and right lateral 
displacement. Net slip on ‘The Humps’ Fault is ≤4 m and produced ≤4 m uplift of the Mt Stewart range during the earthquake. 
The Leader Fault strikes NNW-NNE with dips ranging from ~10° west to 80° east and accommodated ≤4 m net slip comprising 
left-lateral and up-to-the-west vertical displacement. Like the Humps west of the study area, surface-rupture of the Leader Fault 
occurred on multiple strands. The complexity of rupture on the Leader Fault is in part due to the occurrence of bedding-parallel 
slip within the Cretaceous-Cenozoic sequence. Although the Mt Stewart range front is bounded by ‘The Humps’ Fault, in the 
study area neither this fault nor the Leader Fault were known to have been active before the earthquake. Fieldwork and trenching 
investigations are ongoing to characterise the geometry, kinematics and paleoseismic history of the mapped active faults. 
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INTRODUCTION 
 
The Kaikōura Earthquake on 14th November 2016 produced 
a complex array of fault ruptures which propagated north-
eastward for about 180 km from an epicentre on the Waiau 
Plains in north Canterbury (Hamling et al, 2017; Litchfield et 
al., in review). Surface ruptures and slip of up to 12 m 
occurred on NE-SW striking faults in the Marlborough Fault 
System and the north Canterbury (tectonic) domain. 
Northeast-striking faults were known to be active prior to 
the earthquake, and include the Kekerengu Fault, ‘The 
Humps’ Fault and the Jordan Thrust. Displacement also 
occurred on several approximately N-S striking faults, 
including the Leader Fault, which were typically not known 
to be active before the 2016 earthquake (Litchfield et al., in 
review). Collectively these two main fault sets produce an 
interconnected fault network. 
 
In this study we mapped the location, geometry and slip of 
surface rupture during the Kaikōura Earthquake for an area 
of ~400 km2 between the Leader and Charwell rivers 
(Figure 1). The main structures that ruptured in the study 
area are the eastern Humps, north Leader and Conway-
Charwell faults. ‘The Humps’ and Leader faults intersect 
and, for the purposes of this work, have been distinguished 
based on their sense of slip with the former being right-
lateral and the latter left-lateral. The Conway-Charwell 
Fault is parallel to, and within 2 km of, the Hope Fault and 
it here considered to be part of the Hope Fault zone (Figure 
1). These faults have been mapped using a combination of 
field observations (e.g., GPS surveying, bedrock mapping 
and tape measurements) together with interpretation of 
LiDAR-derived digital elevation models and orthophotos. 
 

 
Figure 1: Preliminary map of fault surface ruptures in the 2016 
Kaikōura earthquake (red lines); active faults indicated by grey 
lines. Approximate positions of Leader (left) and Charwell (right) 
rivers are indicated by light blue lines. Study area lies between 
these two rivers.. Figure modified from Stirling et al. (2017). 
 
The primary objective of research is to comprehensively 
map the geometry and slip of surface ruptures in the study 
area. These data constrain the interrelationships of the 
surface ruptures together with helping us to understand 
how earthquakes produced the bedrock structure and 
landscape on million-year timescales. These studies will be 
augmented by trenching to characterise the paleoseismic 
histories of the faults. 
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DISCUSSION 
 
Surface ruptures in the study area are complex, comprising 
many short (≤4 km) fault traces that often bifurcate with 
mainly strike-slip, oblique reverse or thrust displacements. 
The ‘The Humps’, Leader and Conway-Charwell faults are 
the primary structures in the study area. 
 
‘The Humps’ Fault is the southwest-most surface rupture of 
the Kaikōura Earthquake. It strikes east to northeast and 
extends for ~32 km from a free tip on the western edge of 
the Emu Plains to its junction with the Leader Fault at the 
base of the Mount Stewart range in the study área (Figure 
1). ‘The Humps’ Fault strikes at ~050° and dips steeply to the 
NW along the Mt Stewart range front. The primary fault 
trace along the base of the range partially follows the 
contact between Torlesse basement and overlying Miocene 
Greta Formation. Uplift of the range indicates vertical 
displacement on the fault system at depth. A maximum of 4-
5 m earthquake vertical displacement has been recorded 
along this section of the fault. 
 

 
Figure 2: Mapped fault ruptures on a LiDAR hillshade image of the 
study area. The Leader fault system and the continuation of the 
Humps around the Mt Stewart rangefront are marked. 
 
Slip The Leader Fault in the study area can be divided into 
four parts separated by two left bends and one right bend 
with widths of 1-3.5 km (Figure 2). The southernmost left 
bend coincides with the Leader-Humps intersection south 
of which the main surface rupture approximately coincides 
with the contact between Torlesse basement and 
Cretaceous cover rocks which dip westwards at ~10-30°. 
North of the fault intersection the main ruptures are 
contained entirely within Torlesse basement and strike 

sub-parallel to basement bedding. Therefore, the 
geometry of the Leader Fault, both at the surface and in 
the sub-surface beneath Cretaceous-Cenozoic cover 
stratigraphy, may be controlled by the locations and 
geometries of planes of weakness in basement. 
 
was transferred between intersecting faults during the 
earthquake. At the termination of ‘The Humps’ Fault oblique 
slip produced 3 m uplift of the Mt Stewart range in the 
hangingwall of the fault, which was transferred northwards 
onto the Leader Fault. Interaction and intersection of the 
main fault sets facilitated the northeast transfer of slip and 
potentially also propagation of the earthquake. 
 

 
Figure 3: Left-lateral reverse rupture on the north Leader fault. The 
Doone Station. Image courtesy of Kate Pedley. 
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Abstract: Based on years of experience in post-earthquake inspections and on results of numerous full scale tests of structures 
on shaking tables, it is suggested that the basic characteristics of earthquakes (epicenter location, focal depth and seismic fault 
type) can be derived solely from field macroseismic observations and back analysis of building damage induced by previous 
earthquakes. Following this approach, important conclusions could be drawn for historical earthquakes. In the case of the 1755 
Great Lisbon earthquake, macroseismic observations were derived from on-site inspection of well-preserved still-standing 
damaged historical buildings in Lisbon and artworks illustrating buildings damaged from this sequence. Based on damage 
induced by recent earthquakes, it is suggested that this damage may be attributed to a shallow near-field earthquake with a 
prevailing vertical component and of not so great magnitude, preceding the 1755 earthquake that caused the devastating 
tsunami with epicenter determined in the ocean west of Lisbon. 
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INTRODUCTION 
 
Back analysis of earthquake-induced building damage can be 
used for the detection of the basic seismological parameters 
of earthquakes due to the fact that building damage in 
earthquake-affected areas can reflect the distance of the 
affected area from the epicenter location, the focal 
mechanism and the type of the seismic fault (normal, 
reverse, strike-slip), the focal depth (shallow or deep seismic 
event) and the seismic intensity based on the application of 
macroseismic scales based on field macroseismic 
observations. Taking into account the response of buildings 
to recent earthquakes (1986 Kalamata, 1995 Aegion, 1995 
Dinar, 1999 Athens, 2009 L’ Aquila, 2012 Emilia Romagna, 
2014 Cephalonia, 2016 Amatrice and Norcia), it is concluded 
that these shallow near-field events caused similar building 
damage (Fig. 1) that is mainly attributed to the effect of the 
vertical component of the earthquake ground motion 
(Papazoglou and Elnashai, 1996; Benedetti and Carydis, 
1999; Carydis, 2004; Di Sarno et al., 2011; Carydis et al., 
2012, 2017a, b). 
 
The vertical earthquake component is quite sensitive to 
various ground and bed rock conditions due to its high 
frequency content. Moreover, it has an outstanding 
importance due to its high qualitative non linearity. Actually, 
this motion may affect the structure and/or its parts by two 
different and almost simultaneous mechanisms: (a) the 
impact and (b) the vibrational type mechanisms. The first 
one affects rigid bodies extended vertically like walls, 
columns and towers including their discontinuities, while the 
second one affects horizontal structures like roofs, floors, 
beams, cantilevers and trusses, by exciting them vertically. 
As regards the impact effect of the earthquake vertical 
component, it is extremely nonlinear above the barrier of 1.0 

g ground acceleration. As regards its vibrational effect, those 
structures (slabs, roof, trusses, beams), whose period along 
the vertical axis corresponds to acceleration spectral values 
higher than 1.0 g, become critical for the stability of the whole 
structure. 
 
One of the major effects of the vertical component is the 
annulment of friction mechanisms that depend on 
gravitational forces. Those forces are greatly reduced 
during some phases of the ground motion along the 
vertical direction. Due to this fact among others, the 
response of seismically isolated buildings may be adversely 
affected if the function of the foundations depends on 
friction. 
 
Taking into account various earthquake reports on field 
macroseismic observations, the building damage 
attributed to the prevalence and the dominance of the 
vertical component of the ground motion during recent 
earthquakes in Greece and the Mediterranean are 
presented (Fig. 1). Based on this gathered information on 
earthquake-induced building damage, the basic 
seismological characteristics of an earthquake could be 
extracted based on field macroseismic characteristics in 
recent cases when either the available seismological data 
are insufficient due to lack of seismographs in the near field 
during the earthquake generation or the available strong 
motion records are not adequate in order to explain in a 
rational and reliable way the induced heavy damage. 
Moreover, the same approach could be applied in 
historical earthquakes characterized by lack of 
instrumental seismological data. In the present work, the 
aforementioned approach is applied to the case of the 
1755 Great Lisbon earthquake sequence in order to 
determine its basic characteristics. 
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INTRODUCTION 
 
Back analysis of earthquake-induced building damage can be 
used for the detection of the basic seismological parameters 
of earthquakes due to the fact that building damage in 
earthquake-affected areas can reflect the distance of the 
affected area from the epicenter location, the focal 
mechanism and the type of the seismic fault (normal, 
reverse, strike-slip), the focal depth (shallow or deep seismic 
event) and the seismic intensity based on the application of 
macroseismic scales based on field macroseismic 
observations. Taking into account the response of buildings 
to recent earthquakes (1986 Kalamata, 1995 Aegion, 1995 
Dinar, 1999 Athens, 2009 L’ Aquila, 2012 Emilia Romagna, 
2014 Cephalonia, 2016 Amatrice and Norcia), it is concluded 
that these shallow near-field events caused similar building 
damage (Fig. 1) that is mainly attributed to the effect of the 
vertical component of the earthquake ground motion 
(Papazoglou and Elnashai, 1996; Benedetti and Carydis, 
1999; Carydis, 2004; Di Sarno et al., 2011; Carydis et al., 
2012, 2017a, b). 
 
The vertical earthquake component is quite sensitive to 
various ground and bed rock conditions due to its high 
frequency content. Moreover, it has an outstanding 
importance due to its high qualitative non linearity. Actually, 
this motion may affect the structure and/or its parts by two 
different and almost simultaneous mechanisms: (a) the 
impact and (b) the vibrational type mechanisms. The first 
one affects rigid bodies extended vertically like walls, 
columns and towers including their discontinuities, while the 
second one affects horizontal structures like roofs, floors, 
beams, cantilevers and trusses, by exciting them vertically. 
As regards the impact effect of the earthquake vertical 
component, it is extremely nonlinear above the barrier of 1.0 

g ground acceleration. As regards its vibrational effect, those 
structures (slabs, roof, trusses, beams), whose period along 
the vertical axis corresponds to acceleration spectral values 
higher than 1.0 g, become critical for the stability of the whole 
structure. 
 
One of the major effects of the vertical component is the 
annulment of friction mechanisms that depend on 
gravitational forces. Those forces are greatly reduced 
during some phases of the ground motion along the 
vertical direction. Due to this fact among others, the 
response of seismically isolated buildings may be adversely 
affected if the function of the foundations depends on 
friction. 
 
Taking into account various earthquake reports on field 
macroseismic observations, the building damage 
attributed to the prevalence and the dominance of the 
vertical component of the ground motion during recent 
earthquakes in Greece and the Mediterranean are 
presented (Fig. 1). Based on this gathered information on 
earthquake-induced building damage, the basic 
seismological characteristics of an earthquake could be 
extracted based on field macroseismic characteristics in 
recent cases when either the available seismological data 
are insufficient due to lack of seismographs in the near field 
during the earthquake generation or the available strong 
motion records are not adequate in order to explain in a 
rational and reliable way the induced heavy damage. 
Moreover, the same approach could be applied in 
historical earthquakes characterized by lack of 
instrumental seismological data. In the present work, the 
aforementioned approach is applied to the case of the 
1755 Great Lisbon earthquake sequence in order to 
determine its basic characteristics. 
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BUILDING DAMAGE FROM EARTHQUAKES INDUCED BY 
THE PREVAILING VERTICAL COMPONENT OF THE 
EARTHQUAKE GROUND MOTION 
 
Recent shallow near-field European earthquakes caused 
damage and collapses that may be rather easily explained by 
considering the effect of vertical ground motion and can be 
hardly interpreted according to the horizontal one. Benedetti 
and Carydis (1999) presented some examples of damage to 
buildings caused by the 1999 Athens and 1995 Aegion 
earthquakes that point out the effect of the vertical 
component. More specifically, symmetrical buckling of 
longitudinal bars and loosening of stirrups in ground floor 
columns, compression damage at midheight of columns, 
bursting of over-stressed columns, throwing of infill walls 
away from reinforced-concrete frame as by an explosion from 
within, symmetrical distribution of damage around a vertical 
axis and other spatial homothetic motions are damage 
reflecting shallow near-field earthquakes with prevailing 
vertical component of the earthquake ground motion (Fig. 1). 
 
Carydis (2002, 2004) demonstrated the catalytic importance 
of the vertical component of the earthquake ground motion 
on the earthquake response of structures built in epicentral 
regions either acting independently or in combination with 
the other two horizontal components of the seismic motion. 
Damage on reinforced-concrete (R/C) buildings and 
unreinforced masonry (URM) buildings with load-bearing 
walls caused by the destructive effect of the vertical 
component of the ground motion during shallow normal 
earthquakes in Greece and the Mediterranean is also 
presented and specifically include the following (Fig. 1): (a) 
Structures are dislodged from their foundations or toppled 
without damage to their structural frame due to relative 
deformations between stories. (b) Columns are broken as by 
an explosion either above their foundations or under the slab 
of the first storey. In many cases, lighter damage are observed 
along the columns at any distance from their base within the 
ground floor. (c) Vertical load bearing elements including 
columns penetrate through slabs and beams. (d) Damage is 
observed at the center length of beams and slabs. (e) 
Cantilever beams or slabs are dropped down or collapsed. 
Also, cantilevers may produce damages to their neighbour 
region due to vertical motions. (f) Masonry arched lintels are 
intact. (g) Partial collapse of buildings. One part is still standing 
and the other suffered total collapse. In most of the cases 
there are no partitions in the ground floor of the collapsed 
part. (h) Doors, paintings, radiators and other items hanging 
from the walls are dismantled and fall down. (i) The collapsed 
building are almost within their foundation plan and the 
remaining columns or exterior walls are vertical. (j) In rather 
symmetrical masonry structures, as these are the most 
common cases, the damage in the walls is horizontal. There 
are obvious traces in the roof and floors of the vertical motion 
and all corner cornices are fallen down. In general, damage is 
symmetrical to the vertical axis of the building. (k) Symmetrical 
distribution of damage around the vertical axis, such as the 
symmetrical detachment of the top four corners edges of a 
building with masonry load-bearing walls, which is the 
trademark of the prevalence and the dominance of the 
vertical component over the horizontal one and, as a 
consequence, of the macroseismic epicentral region. 

 

 
Figure 1: Characteristic views of earthquake-induced building 
damage indicating the prevalence of the vertical component of the 
earthquake ground motion. (a) 1981 Alkyonides (Central Greece) 
earthquake: this hotel building collapsed down to the pillars 
without any evidence of horizontal motion. (b) 1986 Kalamata 
(Southwestern Peloponnese, Greece) earthquake: the roof of a 
church collapsed, while the exterior walls were still standing. (c, d, 
e) 1999 Athens (Greece) earthquake: (c) the crushing of concrete 
and the symmetrical buckling of bars are apparent in R/C buildings, 
while the vertical edges of columns are still aligned. Moreover, the 
glass panels remained intact. (d, e) Total vertical drop of the whole 
building of about 8 cm without any permanent horizontal 
movement or inclination. (f, g) 2014 Cephalonia (Ionian Sea, 
Greece) earthquakes: A two-storey R/C building suffered soft-
storey failure, while the second storey remained intact. The 
crushing of concrete and the symmetrical buckling of bars are 
apparent. (h) 2009 L’ Aquila (Italy) earthquake: Vertical collapse of 
the dome of Duomo church in L’ Aquila within its foundation plan. 
There is not any other noticeable damage. Glass window panels 
are intact. (i) Impact of the vertical component of the ground 
motion of 2009 L’ Aquila earthquake in buildings of Bazzano area. 
(j) An R/C building in Amatrice (Central Italy) suffered partial 
collapse after the 2016 Mw 6.2 Amatrice earthquake. Its 
remaining still-standing parts are practically undamaged. (k) The 
damage observed in the same R/C building was aggravated by an 
Mw 4.8 aftershock generated the day following the Amatrice 
earthquake. Spatial homothetic motions indicated the dominance 
of the vertical component of the earthquake ground motion. 
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As regards the effect of the vertical component on the 
seismic response of historical monumental buildings, 
Carydis et al. (2012) studied the influence of the vertical 
earthquake component and related geoscientific and 
engineering aspects for the 2012 Emilia Romagna 
earthquakes. Based on years of experience in post-
earthquake investigations and on results of numerous full 
scale tests of structures on shaking tables, they concluded 
that the damage on historical monumental structures 
including churches might be attributed to resonance of the 
trusses along the vertical direction due to the vertical 
earthquake component in combination with the horizontal 
displacement of their supports due to the horizontal 
seismic motion. A proof of the dominance of the vertical 
component might be based, among others, on the 
response of bell towers that in the majority of the cases 
were not significantly damaged and on the fact that the 
mode of collapse is inside the ground plan of the building. 
Moreover, they also concluded that the incurred 
destruction of most of the rather modern industrial 
facilities started from the dislocation and collapse of their 
prefabricated roofing system with a mechanism similar to 
that of churches’ roofs. 
 
In general, the severity of the effects of the vertical 
component of the earthquake ground motion is almost 
independent of the earthquake magnitude. Intensive damage 
attributed to the vertical component was also observed during 
light and moderate earthquakes including the 1974, M 4.2 Rio, 
Corinth, Greece (Carydis 2002, 2004), the 1999 M 5.9 Athens, 
Greece (Benedetti & Carydis, 1999) and the 2002 M 4.8 Tbilisi, 
Georgia (Mukhadje & Timchenko, 2003) seismic events. 
Similar damage was also observed in strong and major 
earthquakes including the 1995 Mw 6.4 Aegion (Greece), 1995 
Mw 6.2 Dinar (Turkey) (Benedetti and Carydis, 1999; Carydis 
2002, 2004), 2009 Mw 6.3 L’ Aquila (Italy) (Di Sarno et al., 
2011) and the 2012 Mw 6.1 Emilia Romagna (Italy) (Carydis et 
al., 2012) among others. 
 
BACK ANALYSIS OF BUILDING DAMAGE FOR DETECTING 
THE BASIC PARAMETERS OF RECENT EARTHQUAKES – THE 
2016 AUGUST 24 AMATRICE (ITALY) EARTHQUAKE 
 
During on-site inspection immediately after the 2016 
August 24, Mw 6.2 Amatrice (Central Italy) earthquake, 
Carydis et al. (2017a, b) had the opportunity to observe 
damage induced not only by the main shock (Fig. 1j) but 
also by its largest aftershocks generated during the first 
three days of the aftershock sequence (Fig. 1k). 
 
Bearing in mind that: (a) the soil conditions in foundations of 
the affected villages were neither changed nor altered, (b) 
the conventional dynamic parameters of buildings did not 
play a significant role in their seismic response against the 
vertical component of the earthquake ground motion, due 
to its impact type of loading, (c) the structures and materials 
have carried memories from the previous large shocks of this 
sequence and (d) the main shock and its largest aftershocks 
caused damage to buildings including spatial homothetic 
motions, it is concluded that: (a) the main shock and its 
largest aftershocks had similar focal mechanism parameters 

(normal faulting), (b) the main shock and its largest 
aftershocks were shallow near-field seismic events, (c) the 
observed damage is typical of such earthquakes and (d) the 
vertical component of the earthquakes’ ground motion has 
prevailed. These homothetic motions were not an isolated 
case, but they reached statistically significant levels. 
 

 
Figure 2: Engravings made by Jacques Philippe Le Bas on 1757 
illustrate damage caused by the 1755 Great Lisbon earthquake to 
historical buildings of Lisbon: (a) St. Paul church, (b) Lisbon 
Cathedral, (c) St. Roch Tower, (d) Ópera do Tejo and (e) St. Nicholas 
Church. The roofs of the studied buildings collapsed within the 
foundation plan of the buildings, while the remaining exterior walls 
were still standing indicating the prevalence of the vertical 
component of the earthquake ground motion. Moreover, the 
observed damage is symmetrically distributed along a vertical axis. 
The aforementioned damage reveals that the causative 
earthquake is a shallow near-field earthquake with epicenter close 
to Lisbon, with prevailing vertical component over the horizontal 
movements and of magnitude lower than the 1755 Lisbon 
earthquake that caused the devastating tsunami with epicenter in 
the ocean, west of Lisbon. 
 
BACK ANALYSIS OF BUILDING DAMAGE FOR DETECTING 
THE BASIC PARAMETERS OF HISTORICAL EARTHQUAKES – 
THE 1755 GREAT LISBON EARTHQUAKE 
 
In the case of the 1755 Great Lisbon earthquake, field 
macroseismic data derived from onsite inspection of well-
preserved still-standing damaged historical buildings in 
Lisbon city and artworks illustrating buildings that suffered 
damage from this sequence were used. More specifically, 
engravings made by Jacques Philippe Le Bas on 1757 
illustrate damage caused by the 1755 Great Lisbon 
earthquake to historical buildings of St. Paul church (Fig. 
2a), Lisbon Cathedral (Fig. 2b), St. Roch Tower (Fig. 2c), 
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As regards the effect of the vertical component on the 
seismic response of historical monumental buildings, 
Carydis et al. (2012) studied the influence of the vertical 
earthquake component and related geoscientific and 
engineering aspects for the 2012 Emilia Romagna 
earthquakes. Based on years of experience in post-
earthquake investigations and on results of numerous full 
scale tests of structures on shaking tables, they concluded 
that the damage on historical monumental structures 
including churches might be attributed to resonance of the 
trusses along the vertical direction due to the vertical 
earthquake component in combination with the horizontal 
displacement of their supports due to the horizontal 
seismic motion. A proof of the dominance of the vertical 
component might be based, among others, on the 
response of bell towers that in the majority of the cases 
were not significantly damaged and on the fact that the 
mode of collapse is inside the ground plan of the building. 
Moreover, they also concluded that the incurred 
destruction of most of the rather modern industrial 
facilities started from the dislocation and collapse of their 
prefabricated roofing system with a mechanism similar to 
that of churches’ roofs. 
 
In general, the severity of the effects of the vertical 
component of the earthquake ground motion is almost 
independent of the earthquake magnitude. Intensive damage 
attributed to the vertical component was also observed during 
light and moderate earthquakes including the 1974, M 4.2 Rio, 
Corinth, Greece (Carydis 2002, 2004), the 1999 M 5.9 Athens, 
Greece (Benedetti & Carydis, 1999) and the 2002 M 4.8 Tbilisi, 
Georgia (Mukhadje & Timchenko, 2003) seismic events. 
Similar damage was also observed in strong and major 
earthquakes including the 1995 Mw 6.4 Aegion (Greece), 1995 
Mw 6.2 Dinar (Turkey) (Benedetti and Carydis, 1999; Carydis 
2002, 2004), 2009 Mw 6.3 L’ Aquila (Italy) (Di Sarno et al., 
2011) and the 2012 Mw 6.1 Emilia Romagna (Italy) (Carydis et 
al., 2012) among others. 
 
BACK ANALYSIS OF BUILDING DAMAGE FOR DETECTING 
THE BASIC PARAMETERS OF RECENT EARTHQUAKES – THE 
2016 AUGUST 24 AMATRICE (ITALY) EARTHQUAKE 
 
During on-site inspection immediately after the 2016 
August 24, Mw 6.2 Amatrice (Central Italy) earthquake, 
Carydis et al. (2017a, b) had the opportunity to observe 
damage induced not only by the main shock (Fig. 1j) but 
also by its largest aftershocks generated during the first 
three days of the aftershock sequence (Fig. 1k). 
 
Bearing in mind that: (a) the soil conditions in foundations of 
the affected villages were neither changed nor altered, (b) 
the conventional dynamic parameters of buildings did not 
play a significant role in their seismic response against the 
vertical component of the earthquake ground motion, due 
to its impact type of loading, (c) the structures and materials 
have carried memories from the previous large shocks of this 
sequence and (d) the main shock and its largest aftershocks 
caused damage to buildings including spatial homothetic 
motions, it is concluded that: (a) the main shock and its 
largest aftershocks had similar focal mechanism parameters 

(normal faulting), (b) the main shock and its largest 
aftershocks were shallow near-field seismic events, (c) the 
observed damage is typical of such earthquakes and (d) the 
vertical component of the earthquakes’ ground motion has 
prevailed. These homothetic motions were not an isolated 
case, but they reached statistically significant levels. 
 

 
Figure 2: Engravings made by Jacques Philippe Le Bas on 1757 
illustrate damage caused by the 1755 Great Lisbon earthquake to 
historical buildings of Lisbon: (a) St. Paul church, (b) Lisbon 
Cathedral, (c) St. Roch Tower, (d) Ópera do Tejo and (e) St. Nicholas 
Church. The roofs of the studied buildings collapsed within the 
foundation plan of the buildings, while the remaining exterior walls 
were still standing indicating the prevalence of the vertical 
component of the earthquake ground motion. Moreover, the 
observed damage is symmetrically distributed along a vertical axis. 
The aforementioned damage reveals that the causative 
earthquake is a shallow near-field earthquake with epicenter close 
to Lisbon, with prevailing vertical component over the horizontal 
movements and of magnitude lower than the 1755 Lisbon 
earthquake that caused the devastating tsunami with epicenter in 
the ocean, west of Lisbon. 
 
BACK ANALYSIS OF BUILDING DAMAGE FOR DETECTING 
THE BASIC PARAMETERS OF HISTORICAL EARTHQUAKES – 
THE 1755 GREAT LISBON EARTHQUAKE 
 
In the case of the 1755 Great Lisbon earthquake, field 
macroseismic data derived from onsite inspection of well-
preserved still-standing damaged historical buildings in 
Lisbon city and artworks illustrating buildings that suffered 
damage from this sequence were used. More specifically, 
engravings made by Jacques Philippe Le Bas on 1757 
illustrate damage caused by the 1755 Great Lisbon 
earthquake to historical buildings of St. Paul church (Fig. 
2a), Lisbon Cathedral (Fig. 2b), St. Roch Tower (Fig. 2c), 
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Ópera do Tejo (Fig. 2d) and St. Nicholas Church (Fig. 2e). 
The roofs of the studied buildings collapsed within the 
building foundation plan while the remaining exterior walls 
were still standing. Moreover, the observed damage is 
symmetrically distributed along a vertical axis, also 
indicating the prevalence of the vertical component. 
 
Moreover, well-reserved and still-standing historical 
buildings of Lisbon city that suffered damage by the 1755 
Great Lisbon earthquake were also inspected. A typical 
example is the Carmo Convent located in the old city of 
Lisbon (Fig. 2f), which was ruined during the 1755 
earthquake sequence. The destroyed church on the 
southern facade of the convent is the main trace of this 
sequence still visible in the old city. In comparison to the 
building damage illustrated in the aforementioned 
engravings, it is concluded that the Carmo Convent 
suffered collapse of its roof and upper parts of its walls 
within the building foundation plan (Fig. 2g, 2h), while the 
observed damage is symmetrically distributed along a 
vertical axis (Fig. 2g, 2h), also indicating the dominance of 
the vertical component. 
 
Based on the aforementioned, it is suggested that this damage 
may be attributed to an earthquake preceding the 1755 Great 
Lisbon earthquake with (a) a strong vertical component, (b) its 
epicenter located very close to Lisbon, (c) a small focal depth 
and (d) of lower magnitude that the 1755 Great Lisbon 
earthquake that generated the devastating tsunami with 
epicenter in the ocean, west of Lisbon. 
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Abstract: The Eupcheon Fault Monitoring System, comprised of a strainmeter, seismometer, creepmeter, GPS (Global Positioning 
System), and groundwater meter, was installed to assess the safety of the Wolsung Nuclear Power Plant against earthquakes 
by monitoring the short- and long-term behavioral characteristics of the Eupcheon fault. The ML 5.8 earthquake that occurred 
in Gyeongju on September 12, 2016 was the largest earthquake ever to be observed in Korea since the beginning of instrumental 
observations of earthquakes. The epicenter of Gyeongju earthquake was located around 27 km from the EFMS station. In this 
study, the fault displacement, underground stress and changes in the groundwater level recorded by the EFMS at the time of the 
foreshock (ML 5.1, September 12, 2016), main shock (ML 5.8, September 12, 2016) and aftershock (ML 4.5, September 19, 2016) 
were analyzed in order to assess the safety of the Eupcheon fault against seismic events. In the case of underground stress 
measured by the strainmeter, abnormal changes were instantaneously observed during the foreshock, main shock and 
aftershock, but no cumulative stress was observed. As for the displacement of the Eupcheon fault, there are no abnormal 
changes caused by the earthquake that can be observed from the GPS; however, using a creepmeter, which can measure micro-
displacement changes, a micro-displacement of 0.0047 mm was observed 20 minutes before the main shock. This measurement 
falls within the error range of ±0.025 mm, and it is deemed that it was caused by micro vibration resulting from the foreshock, 
rather than a displacement of the fault. In the case of the groundwater level, it gradually increased due to a rainfall prior to the 
earthquake, but there were no instantaneous changes caused by the earthquake. The findings of this study show that the 
Eupcheon fault is a relatively stable fault that is not impacted by earthquakes occurring nearby, and confirmed the excellent 
utility of fault monitoring systems in analyzing the stability of a fault against earthquakes. 
 
Key words: Gyeongju Earthquake, Eupcheon fault, Fault monitoring system 
 
 
INTRODUCTION 
 
The earthquake (ML 5.8) occurred at around Naenam-myeon, 
Gyeongju, North Gyeongsang Province, South Korea on 
September 12, 2016 at 11:32:54 UTC (20:32:54 Korea Standard 
Time; GMT +9 hours), which was the largest earthquake ever 
recorded in the South Korea's instrumental seismic observation 
data. The foreshock signal of ML 5.1 occurred 48 minutes before 
the main shock, and the greatest aftershock of ML 4.5 occurred 
seven days after the main earthquake. About 600 aftershocks 
have occurred to date, and the depths of the earthquakes have 
been reported to be about 10 to 17 km from the surface (Kim et 
al., 2016). The epicenters of the Gyeoungju earthquakes are 
located near the Yangsan fault and no earthquake-induced fault 
rupture has been observed so far (Fig. 1). 
 
The Eupcheon Fault Monitoring System (EFMS), located at 
about 27 km from the epicenter of Gyeongju earthquake, has 
been operated by the Korea Hydro & Nuclear Power (KHNP) 
company (Fig. 1). The EFMS was installed to monitor the long-
term/short-term behaviors of the Eupcheon fault and confirm 
the seismic safety of Wolsung nuclear power site. The 
Eupcheon fault is a boundary fault between the Cretaceous 
sedimentary rock and the Tertiary volcanic rocks, with a 
maximum displacement of 4.0 m, and a small scale strike and 
inclination of N20°E and N40°SE, respectively. In the trench 
survey, it was discovered that the Quaternary coastal fault was 
clearly cut by the Eupcheon fault, and at least two fault 
movements occurred during the Quaternary period.  

Figure 1: Geological map of the Korean Peninsula, the location of the 
epicenter and EFMS(modified after KIGAM, 1995). 
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study, the fault displacement, underground stress and changes in the groundwater level recorded by the EFMS at the time of the 
foreshock (ML 5.1, September 12, 2016), main shock (ML 5.8, September 12, 2016) and aftershock (ML 4.5, September 19, 2016) 
were analyzed in order to assess the safety of the Eupcheon fault against seismic events. In the case of underground stress 
measured by the strainmeter, abnormal changes were instantaneously observed during the foreshock, main shock and 
aftershock, but no cumulative stress was observed. As for the displacement of the Eupcheon fault, there are no abnormal 
changes caused by the earthquake that can be observed from the GPS; however, using a creepmeter, which can measure micro-
displacement changes, a micro-displacement of 0.0047 mm was observed 20 minutes before the main shock. This measurement 
falls within the error range of ±0.025 mm, and it is deemed that it was caused by micro vibration resulting from the foreshock, 
rather than a displacement of the fault. In the case of the groundwater level, it gradually increased due to a rainfall prior to the 
earthquake, but there were no instantaneous changes caused by the earthquake. The findings of this study show that the 
Eupcheon fault is a relatively stable fault that is not impacted by earthquakes occurring nearby, and confirmed the excellent 
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INTRODUCTION 
 
The earthquake (ML 5.8) occurred at around Naenam-myeon, 
Gyeongju, North Gyeongsang Province, South Korea on 
September 12, 2016 at 11:32:54 UTC (20:32:54 Korea Standard 
Time; GMT +9 hours), which was the largest earthquake ever 
recorded in the South Korea's instrumental seismic observation 
data. The foreshock signal of ML 5.1 occurred 48 minutes before 
the main shock, and the greatest aftershock of ML 4.5 occurred 
seven days after the main earthquake. About 600 aftershocks 
have occurred to date, and the depths of the earthquakes have 
been reported to be about 10 to 17 km from the surface (Kim et 
al., 2016). The epicenters of the Gyeoungju earthquakes are 
located near the Yangsan fault and no earthquake-induced fault 
rupture has been observed so far (Fig. 1). 
 
The Eupcheon Fault Monitoring System (EFMS), located at 
about 27 km from the epicenter of Gyeongju earthquake, has 
been operated by the Korea Hydro & Nuclear Power (KHNP) 
company (Fig. 1). The EFMS was installed to monitor the long-
term/short-term behaviors of the Eupcheon fault and confirm 
the seismic safety of Wolsung nuclear power site. The 
Eupcheon fault is a boundary fault between the Cretaceous 
sedimentary rock and the Tertiary volcanic rocks, with a 
maximum displacement of 4.0 m, and a small scale strike and 
inclination of N20°E and N40°SE, respectively. In the trench 
survey, it was discovered that the Quaternary coastal fault was 
clearly cut by the Eupcheon fault, and at least two fault 
movements occurred during the Quaternary period.  

Figure 1: Geological map of the Korean Peninsula, the location of the 
epicenter and EFMS(modified after KIGAM, 1995). 
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In this study, we analyzed seismic safety of the Eupcheon 
fault by analyzing the changes in the underground stress, 
fault displacement and groundwater levels observed in the 
EFMS during the pre-, main and post-earthquake events. 
 
CHARACTERISTICS OF THE EFMS 
 
The EFMS consists of a strainmeter, seismometer, and 
groundwater level meter installed in boreholes of the EF01 
and EF02 observatory at the upper and lower parts of the 
Eupcheon fault, along with a GPS added on the surface of the 
ground. An additional surface seismometer has been installed 
at the EF03 Observatory in order to improve the reliability of 
the seismic data. A creepmeter has also been installed at the 
EF04 Observatory to precisely measure the displacement of 
Eupcheon fault. The location and details of each instrument 
are shown in Fig. 2 and Table 1. The data observed from the 
instrument is transmitted to and stored on the server in the 
KHNP Central Research Institute through the wired network, 
and visualized through the integrated monitoring program. 
 

 
Figure 2: Location of instruments of composing the fault monitoring 
system deployed around the Eupcheon fault. 
 

The strainmeter is intended to identify the changes in the 
underground stress in the upper and lower parts of the 
Eupcheon fault caused by the seismic ground motion, and 
calculate the modified diameter ratio to the borehole 
diameter measured in the sensors installed in four directions 
in the borehole. The purpose of the creepmeter is to 
precisely measure the fine displacement of the Eupcheon 
fault due to the underground stress change. The 
displacement is measured through a 6 m nickel alloy rod and 
a spring sensor. The purpose of the GPS is to measure large 
scale displacements (over a few millimeters to several 
meters) caused by large scale crustal movements, along with 
the relative displacements of the upper and lower 
boundaries using a satellite. The purpose of the seismometer 
is to closely observe the epicenter and magnitude of the 
earthquake near the Eupcheon fault, and the groundwater 
level meter is used as a reference for the interpretation of 
the underground stress change by measuring the changes in 
the pore water pressure due to the groundwater level 
fluctuation around the Eupcheon fault. 
 
OBSERVATION RESULTS BY THE EFMS 
 
1. Strainmeter and Seismometer 
The strainmeter data were corrected to exclude the tidal and 
atmospheric effects in order to extract only the effects of the 
earthquake. The effect of the Gyeongju earthquake was 
clearly observed, and the area strain at the EF02 Observatory 
showed a variation of 400-2600 nanostrain (Fig. 3). When the 
dynamic stress changes due to seismic waves, it is commonly 
observed from the strainmeter data, and the signal is 
observed for several seconds, which is very similar to the 
data measured by the seismometer (Fig. 4). As a result of the 
analysis of the strain meter data, it appears that a sudden 
displacement occurs simultaneously with the Gyeongju 
earthquake, and it returns to the original background value 
after the occurrence. In other words, an instant change in the 
stress occurred due to the Gyeongju earthquake, but the 
change tended to disappear over time. From this observation, 
it can be interpreted that the stress near the Eupcheon fault 
does not change before and after the earthquake, having no 
influence on the stability of the area. 

 
Table 1: Specifications of measuring instruments in the EFMS 
 

 Accuracy Sensor Depth Measuring Items 

Strainmeter >  5×10-10 EF01 : G.L. -153.3m 
EF02 : G.L. -175.4m Strain Value 

Water Level 
Meter 

Water Level ± 0.05cm EF01 : G.L. -25m 
EF02 : G.L. -20m 

Groundwater Level, 
Temperature Temperature ± 0.05°C 

Borehole Seismometer 62.2 V/m/s 
(Sensitivity) 

EF01 : G.L. -145m 
EF02 : G.L. -155m Seismic Wave 

GPS Horizontal : ± 5mm 
Vertical : ± 5mm Surface Displacement 

Surface Seismometer 2×750 V/m/s 
(Sensitivity) Surface Seismic Wave 

Creepmeter 
Displacement ± 0.025mm 

Surface Displacement, 
Temperature Temperature ± 1°C 
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Figure 3: Strain data observed from the EF02 Observatory of EFMS. 
(a) Foreshock, (b) Main shock, (c) Aftershock. 
 

Figure 4: Seismic wave observed from the EF03 Observatory of EFMS. 
(a) Foreshock, (b) Main shock, (c) Aftershock. 

2. GPS and Creepmeter 
As for the displacement pattern of the Eupcheon fault, only 
the background noise due to the tidal or external influences 
is observed in the GPS signals, but the displacement pattern 
due to the Gyeongju earthquake is not observed (Fig. 5). 
 

Figure 5: Relative displacements observed from the GPS of EFMS. (a) 
Foreshock, (b) Main shock, (c) Aftershock. 
 
In the case of the creepmeter, a fine displacement of 0.0047 
mm was observed 20 minutes before the main earthquake 
(Fig. 6). The measured value corresponds to the error range 
of ± 0.025 mm below the surface displacement 
measurement. It is judged to be the influence of the micro 
vibration due to the forward movement rather than the 
displacement of the fault. 
 

 
Figure 6: Displacement of Eupcheon fault observed from the 
creepmeter of EFMS. 
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As for the displacement pattern of the Eupcheon fault, only 
the background noise due to the tidal or external influences 
is observed in the GPS signals, but the displacement pattern 
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(Fig. 6). The measured value corresponds to the error range 
of ± 0.025 mm below the surface displacement 
measurement. It is judged to be the influence of the micro 
vibration due to the forward movement rather than the 
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3. Groundwater level meter 
The groundwater level was gradually increased due to the 
rainfall before the earthquake, but there was no momentary 
change due to the earthquake (Fig. 7). 
 

 
Figure 7: Groundwater level observed from the EF02 Observatory of 
EFMS. 
 
DISCUSSION AND CONCLUSION 
 
KHNP Central Research Institute has been operating the 
EFMS since October 2010, and the analysis of the 
observation data has confirmed that there is no abnormal 
change so far in the underground stress and fault 
displacement. Though the momentary changes in the 
underground stress is observed due to the earthquake 
occurred near the Eupcheon fault, accumulation of stress is 
not observed. 
 
In the case of the 2011 Tohoku-oki earthquake in Japan, the 
change in the underground stress was observed on the EFMS 
strainmeter 30 minutes before the earthquake (Fig. 8), which 
shows the same pre-earthquake pattern as in the earthquake 
in Greece or Taiwan. In the case of Greece, a strainmeter, 
which is operated by Corinth Rift Laboratory (CRL), showed a 
change in the strain value at the Psathopyrgos fault, about 
30 minutes before the ML 3.5 earthquake occurred (Bernard 
et al., 2004). In addition, in the case of Jiasian earthquake in 
Taiwan, the ML 6.4 earthquake occurred on March 4, 2010, 
rapid strain changes were observed in five strain gauges near 
the epicenter from several weeks before the earthquake (Hu 
et al., 2010). This indicates that the point of stress changes 
may be earlier than the point of occurrence of the 
earthquake. As a result, monitoring the change of 
underground stress through the EFMS can be very useful for 
earthquake prediction and analysis. 

 
Through this study, it was proved that the Eupcheon fault 
is a relatively stable fault which is not affected by the 
earthquake occurring at the Yangsan fault nearby. In 
addition, the underground stress before the earthquake 
did not show a tendency to decrease or increase, and it was 
confirmed that the fault monitoring system could be very 
useful for the seismic safety analysis and the earthquake 
prediction study on the fault. 
 

 
Figure 8: Strain data observed from the EFMS when the 2011 Tohoku-
oki earthquake in Japan occured. 
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Abstract: The 1905 M 8 Tsetserleg-Bulnay earthquake sequence of two earthquakes, 14 days apart, occurred on the Bulnay fault 
system in the northwestern part of Mongolia. A total length of ~667 km-long surface rupture, including ~338 km-long section 
along the main Bulnay fault, associated with this earthquake sequence has been mapped in detail using sub-metric optical 
satellite images ‘Pleiades’ with ground resolution of 0.5 m, complemented by field observations. Along-strike variations in 
rupture geometry, slip distribution, and off-fault damage suggest that the earthquake rupture processes are affected by geologic 
inheritance. Our data also indicate that the Bulnay fault consists of ~29-km-long segments that are separated by geometric 
discontinuities. Distribution of cumulative offsets, which represent how the fault accumulates slip over multiple surface-faulting 
earthquakes, show that 1) offsets potentially accompanied by the penultimate event have an almost the same distribution with 
the offsets from the most recent event in 1905, and 2) almost the same amounts of the offset increase on several fault segments. 
The results imply that the Bulnay fault might have experienced the characteristic-slip over multiple earthquakes. 
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THE 1905 M ≥ 8 TSETSERLEG-BULNAY EARTHQUAKES 
 
In 1905 two large strike-slip earthquakes occurred on the 
Bulnay fault system, Mongolia [Fig. 1]. The magnitude M 
~8 Tsetserleg earthquake occurred on July 9th at 9:40 am 
UT, and the M > 8 Bulnay earthquake occurred 14 days 
later, on July 23rd at 2:46 am UT. The two successive 
earthquakes together ruptured fault sections of the main 
Bulnay fault as well as along three other major faults: the 
Tsetserleg fault, the Teregtiyn fault, and the Dungen fault 
[Fig. 1c]. The total length of surface breaks associated with 
this earthquake sequence is at least 676 km. Despite the 
fact that the 1905 surface ruptures are well preserved up 
to present, it had only been mapped in detail along limited 
sections [Rizza et al., 2015]. 
 
In this study we use sub-metric optical satellite images 
'Pleiades', complemented by two field-work campaigns, to 
map in detail the entire rupture zone associated with the 
1905 earthquake sequence [Choi et al., in press]. Wherever 
it was possible, we measured any lateral offsets along the 
different faults studied. In total, we have collected a 
dataset of 654 offsets at 384 sites: at 184 sites we could 
measure only one offset, and at 200 sites we could 
measure multiple offsets. Our dataset is divided in two 
parts: The first part corresponds to the 1905 coseismic slip 
and the second part includes cumulative slip 
measurements. Any larger offset measured at the same 
site was considered as cumulative offset and ended up in 
the second sub-dataset. At one-offset sites, if it is different 
more than 50% between adjacent sites along the same 
fault segment we considered those unrealistic offsets as 
cumulative ones. Here we focus on variations of rupture 
geometry and both coseismic and cumulative slip 
distributions along the main Bulnay fault. 
 

RUPTURE GEOMETRY & COSEISMIC SLIP DISTRIBUTION 
 
Using detailed mapping we have been able to characterize 
the diversity of geometrical discontinuities along the 1905 
Bulnay rupture [Fig. 2a]. These discontinuities are of two 
types: fault steps and fault-azimuth changes. Although 
steps have been recognized as potential rupture endpoints 
[Wesnousky, 2006], the role of fault-azimuth changes has 
been less considered so far. In the case of the 1905 Bulnay 
rupture, it appears that many geometric segments are 
actually defined by fault bends. These bends are on 
average about 6.6° and, in some cases, they extend 
laterally over several kilometers. In most cases, bends are 
coincident with local slip decreases [Fig. 2]. 
 
Based on geometrical discontinuities, including fault 
azimuth changes, and slip variations, we have identified 11 
to 13 individual geometric segments for the 1905 Bulnay 
rupture [Fig. 2]. The difference of average slip between 
adjacent segments is ~ 1.3 m. On average the length of 
each segment is about 29 km with a standard deviation of 
13 km, which is in the upper range of values previously 
proposed for strike-slip segments in continental settings 
[Klinger, 2010]. 
 
Numerous shorter branches can be found along the main 
1905 Bulnay rupture, mostly along its eastern section [Fig. 
2a]. They do not exceed 10 km in length and usually do not 
have significant slip. Distribution of these branches is uneven 
with most of the activated branches located north of the 
Bulnay rupture. This is interpreted as resulting from the 
interaction of the inherited ENE-WSW trending faults with 
the propagating left-lateral Bulnay rupture from west to 
east, which defines the northern side as the extensional side, 
which is more prone to branching [Poliakov et al. 2002]. 
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Figure 1: (a) Simplified tectonic map of the study region. (b) Tectonic setting of western Mongolia. Surface ruptures associated with major (M ≥ 8) 
earthquakes during the last century are in red. Fault plane solutions constrained by first-motion solutions [Bayasgalan et al., 2005]. GPS-derived 
crustal motion with respect to Eurasia in green [Calais et al., 2003]. (c) Geological and structural map around the Bulnay fault system, modified from 
the Geological Map of Mongolia at a scale of 1:1,000,000 [Institute of Geology and Mineral Resources of the Mongolian Academy of Sciences, 1998]. 
Coseismic surface breaks associated with the 1905 Tsetserleg-Bulnay earthquake sequence are in red, according to mapping by Choi et al. (accepted). 

One can distinguish the eastern part from the western part in 
the slip distribution, which join near ‘Bul-E-110 km’ [Fig. 2]. 
With exception of both ends of the rupture, each part shows 
a rather constant average slip, with the slip along the western 
part being about 2 m smaller on average than slip along the 
eastern part. In parallel, Figure 2b shows the general 
distribution of secondary faulting along the Bulnay rupture, 
based on our detailed mapping. Damage, which is 
represented by secondary ruptures and cracks, is distributed 
unevenly between the western and the eastern parts. Along 
the western part, damage is ubiquitous along the main 
rupture. In most places, one can find parallel ruptures and 
intense cracking, still visible more than a century after the 
event. Conversely, along the eastern part, with the exception 
of few short branches found close to the eastern end, 
deformation is highly localized along one single trace. Damage 
is mostly limited to boundaries of adjacent segments. Hence, 
we suggest that the total slip along the western and eastern 
parts of the 1905 Bulnay rupture is actually very similar and 
that the difference of slip observed along the main rupture is 
due to some fraction of the deformation (~ 21% if we consider 
average offsets of 8.37 m and 6.64 m for the western and 
eastern part of the Bulnay rupture) that is accommodated by 
the secondary deformation. 
 
Using the relation MW = 2/3 log MO – 10.7 [Hanks and 
Kanamori, 1979] we can compute the magnitude MW for the 
1905 Bulnay earthquake. The shear modulus is taken to be 
3.0 x 1011 for average ‘crustal’ rocks. The average slip 
combined with the rupture length for the Bulnay earthquake 
ruptures yields a magnitude MW = 7.9 - 8.5 depending on the 

rupture thickness. Note that even if the inferred 1 - 2 m slip 
associated with off-fault damage on the western Bulnay 
rupture is included, the results is almost the same. This value 
is in good agreement with the seismic moment deduced 
from the body wave inversion: MW 8.3 - 8.5, for the Bulnay 
earthquake [Schlupp and Cisternas, 2007]. 
 
CUMULATIVE SLIP DISTRIBUTION 
 
Offsets related to the penultimate event correspond to the 
2nd smallest offset minus the 1905 co-seismic offset at 
multiple-offsets sites. Slip distribution of the penultimate 
earthquake is similar to those of the most recent 
earthquake in 1905 [Fig. 3]. 
 
Paleoseismological studies at two sites (approximately 200 km 
apart) along the Bulnay fault show that the penultimate 
surface-faulting earthquake at each site occurred respectively 
2,480 - 3,270 cal. B.P and 2,300 - 3,250 cal. B.P, suggesting that 
it might actually be the same earthquake [Schwartz et al., 
2009; Rizza et al., 2015]. Hence, these results suggest that the 
Bulnay fault might at least follow a characteristic-slip pattern. 
At this stage the age constraints on the timing of the past 
earthquakes remain too weak to ensure unambiguously that 
the penultimate rupture was simultaneous along the entire 
1905 rupture, as one could expect if the fault would behave 
following a characteristic earthquake pattern. In addition to 
the penultimate earthquake, offsets related to earlier 
earthquakes were estimated by geomorphic markers at a 
number of sites, and some of these were targeted for surface 
exposure dating to estimate slip-rate of the Bulnay fault. 
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Figure 2: Segmen geometry of the 1905 Bulnay rupture, assessed based on fault discontinuities and along-fault slip variations (Choi et al., in 
press). (a) Geometrical features are highlighted by changes of fault azimuth as well as locations of fault steps (circles) and branch points 
(junctions). (b) Slip distribution including maximum and minimum values along the main rupture strand. Zones of intense distributed deformation 
around the main rupture are indicated in yellow. (c) The fluctuating slip distribution indicates that the Bulnay rupture consists of 11, possibly up 
to 13, major geometric segments that are mainly defined by changes of fault azimuth. 
 

 
Figure 3: (a) Overlapped profiles of the last (1905) event offsets (red) and penultimate event offsets (blue) along the Bulnay Fault. Note that the 
penultimate event offsets were estimated by the 2nd smallest offset minus the 1905 coseismic offset at the same site. (b) Distribution of 
cumulative offset probability density (COPD) for each major segment. 
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Abstract: Marine terraces have developed intermittently along the southeastern shore of Yeongil Bay on the Korean Peninsula. 
Three sea caves formed in the cliffs of the 26-m marine terrace on the headland. One of these caves is filled with > 3.4-m-thick 
sediments, consisting of well-sorted beach pebbles and sands, as well as disorganized ignimbrite breccia. The uppermost 
sediments dating to 1680–1820 AD at ca. 4 m above the present sea level may indicate a former shoreline. According to the 
historical earthquake catalog, the three largest earthquakes (Mw 6.2) were recorded in 1643 and 1681 AD. We concluded that 
the 4 nm uplift of the sea cave beach sediments could be explained by the highest seismicity of the three largest historical 
earthquakes in the 1600s. It is believed that the main earthquake in 1681 AD resulted in reactivation of the Ocheon fault, which 
may have caused uplift on the Masan-ri coast of Yeongil Bay. 
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INTRODUCTION 
 
The Korean Peninsula faces the sea on the east, the south, 
and the west. The southern and western coastlines are 
irregular due to subsidence (Oh, 1981), but the east is 
straight with emergent flights, which have developed 
intermittently along the coast. Choi et al. (2008) reported 
late Quaternary uplift on the southeastern coast of the 
Korean Peninsula with average long-term uplift rates 
ranging from 0.3 to 0.2 m/ky. Moreover, major local 
faulting in an intraplate regime plays an important role in 
raising the emergent flights of marine terraces generated 
by earthquakes. 
 

 
Figure 1: The study area  
(http://mapsofdallas.blogspot.kr/2009/11/map-of-korea.html). 
(a) Index map of Yeongil Bay. (b) Landsat image of the 
southeastern Korean Peninsula, courtesy of the Korean Ministry of 
Environment. The Ulsan and Yangsan faults are shown, and are 
located 25 and 20 km from the Masan-ri coast, respectively.  
 
We recently investigated uplifted sea caves on the Masan-
ri coast of the Korean Peninsula (Figure 1) and found 
potential evidence for recent earthquakes. Masan-ri village 
is located along the southeastern edge of Yeongil Bay, on 

the southeastern tip of the Korean Peninsula (Figures 1 and 
3a). Three sea caves developed in the cliff face of the 
marine terrace in the study area, 26 m above sea level (asl). 
The caves are located at 4.5 (cave 1), 7.5 (cave 2), and 9.9 
(cave 3) m asl, which could indicate their respective paleo-
shoreline positions (Figure 2a). Only cave 2 was filled with 
sediments, consisting of > 3.4-m-thick beach deposits and 
a collapse ignimbrite breccia.  A similar sea cave on the 
Masan-ri coast of Yeongil Bay was filled with horizontally 
bedded beach sediment. The tidal range in the Yeongil Bay 
area is < 0.3 m (http://www.khoa.go.kr/). The > 3.4-m-thick 
bed in the sea cave consisted of beach pebbles and an 
ignimbrite breccia. To understand the sediments in the 
cave, we attempted to discern the stratigraphic units of the 
cave sediment. The ages of the sediments were measured 
by radiocarbon dating to constrain the timing of the uplift. 
We compared the timing of large historical earthquakes 
with the calibrated age of sea cave sediments. 
 
Tectonically, the bay is part of the southwestern edge of 
the pull-apart Ulleung Basin, which is part of the East Sea 
(the Japan Sea). Given the opening of the East Sea around 
15 Ma, its closing around 12 Ma, and the middle to upper 
Miocene age of the sediments (Yoon and Chough, 1995; 
Jolivet et al., 1994; Fournier et al., 1994), the published 
stratigraphic and structural data (Fournier et al., 1996; Son, 
2007; Kim et al., 2011) may indicate pop-up at a second-
order shear fault, the Ocheon fault (OFT). 
 
SEA CAVE SEDIMENTS 
 
The > 3.4-m-thick sea cave deposit is divided into three units, 
designated as Unit-I, Unit-II, and Unit-III, in ascending order 
(Figure 2c). The basal Unit-I (70–80-cm-thick) consists mostly 
of reddish fine sands mixed with small amounts of ignimbrite 
clasts. The unit is characterized by matrix-supported, well-
laminated textures. Some shells and charcoal fragments, as 
well as cherty pebbles, were observed within these 
sediments. The clasts, classified as andesite or ignimbrite 
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SEA CAVE SEDIMENTS 
 
The > 3.4-m-thick sea cave deposit is divided into three units, 
designated as Unit-I, Unit-II, and Unit-III, in ascending order 
(Figure 2c). The basal Unit-I (70–80-cm-thick) consists mostly 
of reddish fine sands mixed with small amounts of ignimbrite 
clasts. The unit is characterized by matrix-supported, well-
laminated textures. Some shells and charcoal fragments, as 
well as cherty pebbles, were observed within these 
sediments. The clasts, classified as andesite or ignimbrite 
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gravels and cobbles, showed coarsening upward. Andesite 
clasts were well rounded, but the ignimbrites were angular. 
At the upper part of Unit-I, an ignimbrite breccia layer was 
inserted into the laterally discontinuous laminations of the 
fine sands. Well-rounded and spherical black cobbles (100–
200 mm) lie on the top of Unit-I. 
 
Unit-II is characterized by milky white ignimbrite sediments 
(> 130-cm-thick), and by disorganized internal layers. The 
grain size decreased upward in Unit-II, but the oriented 
clasts and fine sand laminations were inclined toward the 
center of the sediment body, and were laterally 
discontinuous. The clasts and matrix were mostly derived 
from ignimbrite except for a few clasts consisting of well-
rounded andesite pebbles. 
 

 
Figure 2: The sea caves in the study area. (a) Three sea caves that 
developed in the cliff face of the marine terrace (T3b). (b) The 
different elevations of the sea caves, indicating palaeoshoreline 
positions. (c) The 7.5-m-high sediments in one of the sea caves were 
divided into three units. Circles indicate the locations of carbon 
dating sampling sites; blue indicates shell samples, whereas black 
and gray indicate charcoal samples. Dating of the gray site was 
performed by Walter et al. (2005). (d) Modern beach pebbles. 
 
Unit-III (> 140-cm-thick) is characterized by light brown 
sands and black pebbles. This unit was divided into two 
beds: sand and pebble. The sand bed (90-cm-thick) 
contained weak laminations, in which two > 10-cm-thick 
pebble-rich layers were intercalated and laterally 
discontinuous. The pebble bed overlying the sand bed was 
<50-cm-thick. All pebbles were well rounded, well sorted, 
and disc-shaped, showing imbrication. 
 
Radiocarbon (AMS) analyses yielded calibrated ages of 
1680 to 400 AD from the top to the bottom of the cave 
deposit. Unit I was dated to 400 to 560 AD from charcoal 
(Walter et al., 2005) and Unit-II of ignimbrite sediments as 
1340 to 1440 AD. The upper bed was estimated as ranging 
from 1510 to 1820  AD.  
 
In summary, Unit-I and Unit-III are similar, and show a 
different sediment composition than Unit-II. Unit-I and 
Unit-III consist of well-sorted sands and rounded pebbles 
with horizontal bedding, whereas Unit-II was mainly 
composed of unsorted and angular ignimbrite sand and 
pebbles with poor bedding. We interpreted Unit-I and 
Unit-III as beach sediments based on the shape of clasts, 

whereas Unit-II was interpreted as breccia resulting from 
the collapse of the cave’s roof or wall because the cave is 
made of pure ignimbrite. 
 
DISCUSSION 
 
Sea caves are inaccurate sea level indicators; however, 
beach sediments in the sea cave could be more reliable. 
We assumed that the sediments of Unit-I and Unit-III were 
transported by wave action, as these sediments were well 
sorted overall and the pebbles were well rounded and disc-
shaped. The bed of Unit-III, which consists of disc-shaped 
pebbles, is inclined toward the sea. 
 
According to the earthquake catalog of the Korean 
Peninsula, the three biggest historical earthquakes 
occurred in Hapcheon and Ulsan in 1643 AD and in 
Yangyang in 1681 AD. Historical archives describing the 
Yangyang earthquake report that the seawater 
fluctuated with a boiling sound, and retreated 60–120 m 
from the shore, exposing new sea bottom on the East 
coast of Gangweon-do (National Institute of Korean 
History, 2016). In addition, one significant foreshock 
(MMI VIII) occurred at an adjacent site 14 days before the 
main shock in 1681 AD. According to the historical 
description of this foreshock, the seawater fluctuated 
markedly with a boiling sound, and rock cliffs collapsed. 
Also, along the Yangyang and Samcheok coastlines the 
sea retreated to the lowest tidal levels and remained at 
these levels during the foreshock. The retreat of the sea 
may be interpreted as basement uplift caused by these 
earthquakes. With the seawater retreat of 60–120 m and 
a wave cut platform angle of 2°–3°, we can calculate an 
uplift of 2–6 m, correlating with the 4 m uplift recorded 
in the sea cave sediments. 
 
Most historical earthquakes occurred between the 15th 
and 18th centuries (NEMA, 2012). The majority of Korean 
scientists agree that the most active periods of seismicity 
were in 1643 and 1681 AD. The earthquake in 1681 AD was 
felt all over the country and its aftershocks were recorded 
continuously for several months. We suggest that the 
Yangyang earthquakes of 1681 AD were sufficiently strong 
to reactivate pre-existing faults in the east coastal area, 
both offshore and onshore. The 1681 AD earthquakes 
might be the main cause of the 4 (±2)-m uplift of the sea 
cave sediments on the Masan-ri coast. However, the 
earthquake in 1643 AD could also have significantly 
affected the Masan-ri coast, as indicated by the young age 
of the sediments and the high seismicity of that period. 
 
Vertical displacement may have resulted from movement of 
the OFT, because only this fault passes close to Maran-ri. A 
segment of the OFT with a high angle dip passing through 
the Masan-ri cliff containing the sea caves seems to have 
popped up a few meters, triggered by a strong earthquake 
(Mw 6.2) and foreshock in 1681 AD (Figure 3c); this was 
corroborated by carbon dating. However, the ~4 m uplift 
might be the cumulative sum of vertical displacements due 
to historical earthquakes since the 1600s. 
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Figure 3: Locations of Masan and Yeongil Bay and a schematic 
diagram of the uplift. (a) Location of Yeongil Bay. CFT: 
Chugaryeong Fault, YFT: Yangsan Fault. (b) Fault map of Yeongil 
Bay showing a dextral shear fracture. The red arrow indicates an 
inversion of the stress field since the upper Miocene. (c) Schematic 
diagram showing small pop-up of a segment of the Ocheon Fault 
(OFT) at Masan that occurred after the 1681 AD earthquake (Mw 
6.2). Black arrow: uplift, red arrow:  fault sense on the surface. 
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Figure 3: Locations of Masan and Yeongil Bay and a schematic 
diagram of the uplift. (a) Location of Yeongil Bay. CFT: 
Chugaryeong Fault, YFT: Yangsan Fault. (b) Fault map of Yeongil 
Bay showing a dextral shear fracture. The red arrow indicates an 
inversion of the stress field since the upper Miocene. (c) Schematic 
diagram showing small pop-up of a segment of the Ocheon Fault 
(OFT) at Masan that occurred after the 1681 AD earthquake (Mw 
6.2). Black arrow: uplift, red arrow:  fault sense on the surface. 
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Abstract: We synthesize paleoseismic data collected from trenching in the last 30 years along the dense array of NW-SE 
striking, mainly normal faults accommodating the present-day regional extension of the central Apennines. Historical 
earthquakes and the recent seismic crisis of this portion of the Apennines occurred in a NW-SE alignment from north to south 
and definitively testify that we need to cope with the occurrence of multiple mainshocks close in space and time on adjacent 
faults and fault segments. Based on this “modern awareness” our overview aims at evaluating the role of paleoseismic data to 
infer possible rupture scenarios in central Apennines. We shed light on the re-assessment of the available displacement and 
rupture timing estimates for paleo/historical earthquakes assigned at different fault sections with the final goal to identify 
segments within faults systems by means of the cross-correlation of trenching data. 
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MOTIVATION 
 
The historical and recent M≥5.5 seismicity, including 
the 2016-2017 central Italy earthquake sequence, 
clearly document the occurrence of surface rupturing 
earthquakes triggering each other in a cascade fashion 
during days to a few years. This tectonic mechanism 
involves multiple faults producing complex ruptures on 
neighbouring faults and further stresses the need of 
advanced fault segmentation models for seismic 
hazard analysis in this portion of the Apennines. 
 
On this basis, paleoseismic studies yield observational 
data on the temporal and spatial rupture 
characteristics of moderate to large magnitude 
earthquakes over multiple rupture cycles and are 
influent in developing models of fault behaviour and of 
rupture scenarios at scales of time and magnitude that 
may affect the territory. 
 
DATA AND PRELIMINARY DISCUSSION 
 
In the last 30 years, the paleoseismological community 
in Italy focused their efforts on the study of the 
numerous closely spaced active normal faults in the 
central Apennines (Figure 1). Only a few of these faults 
ruptured in modern time (in the last ~100 years), and 
their activity is mainly testified by the displacement of 
Late Pleistocene-Holocene deposits and landforms, 
and also by paleoseismic data. Although with different 
level of constraints, the great number of trenches 
supplied reliable data on the fault behaviour of many 
of those faults. 
 

In this work we provide: - a synthesis of the whole set 
of trenching data collected so far along the major 
active faults of the central Apennines and - a synoptic 
analysis by the cross-correlation of multiple 
paleoseismic investigations in order to define the 
extent of paleo surface rupture along adjacent, parallel 
or stepping faults. The reconstructed paleo rupture 
setting from trenching data is an added essential value 
to the understanding whether prominent structural 
complexities serve as hard barriers to rupture. This 
latter issue is usually addressed with the long-term 
geologic-geomorphic approach. The recent surface 
faulting earthquakes in central Italy (e.g. the Mw 6.5 
2016 Norcia earthquake) showed a complex surface 
rupture pattern, not completely reproduced in the 
cumulative geomorphic expression of the causative 
fault. This reinforces the need to use trenching data 
for more reliable hazard scenarios, especially for 
anticipating the location of surface ruptures. 
 
The wealth of trenching data in the area, some of them 
reported in Figure 1, allows to build rupture scenarios 
and define fault segments. However, in some cases the 
uncertainties on event dating (Figure 1) affect the 
event correlation between sites along individual faults. 
Thus, we may not always formulate unequivocal 
rupture mode scenario for large event, even 
considering the accurate historical record. Under this 
light, we also target to the definition of “hot 
paleoseismic spots” along the known faults where the 
reduction of uncertainties in the earthquake 
chronologies would be critical to solve segmentation 
issues and to plan focused actions. 

 
 



8TH INTERNATIONAL PATA DAYS 2017                           PROGRAMME85

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
 

Fault segmentation in the central Apennines: insights from trenching data 
 

Cinti, Francesca Romana (1), Pantosti, Daniela (1), De Martini, Paolo Marco (1), Civico, Riccardo (1), Pucci, Stefano (1), Villani, Fabio (1) 
 

(1)    Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy. francesca.cinti@ingv.it 
 
 
Abstract: We synthesize paleoseismic data collected from trenching in the last 30 years along the dense array of NW-SE 
striking, mainly normal faults accommodating the present-day regional extension of the central Apennines. Historical 
earthquakes and the recent seismic crisis of this portion of the Apennines occurred in a NW-SE alignment from north to south 
and definitively testify that we need to cope with the occurrence of multiple mainshocks close in space and time on adjacent 
faults and fault segments. Based on this “modern awareness” our overview aims at evaluating the role of paleoseismic data to 
infer possible rupture scenarios in central Apennines. We shed light on the re-assessment of the available displacement and 
rupture timing estimates for paleo/historical earthquakes assigned at different fault sections with the final goal to identify 
segments within faults systems by means of the cross-correlation of trenching data. 
 
Key words: paleoseismology, trenching, normal fault, central Apennines, fault segmentation, earthquake surface rupture 
 
 
MOTIVATION 
 
The historical and recent M≥5.5 seismicity, including 
the 2016-2017 central Italy earthquake sequence, 
clearly document the occurrence of surface rupturing 
earthquakes triggering each other in a cascade fashion 
during days to a few years. This tectonic mechanism 
involves multiple faults producing complex ruptures on 
neighbouring faults and further stresses the need of 
advanced fault segmentation models for seismic 
hazard analysis in this portion of the Apennines. 
 
On this basis, paleoseismic studies yield observational 
data on the temporal and spatial rupture 
characteristics of moderate to large magnitude 
earthquakes over multiple rupture cycles and are 
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reported in Figure 1, allows to build rupture scenarios 
and define fault segments. However, in some cases the 
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Figure 1: Overview of some paleoseismic sites (white squares) dug in the last 30 years in the central Apennines, Italy. The most recent surface 
faulting event assigned by Authors (see references list) based on trenching and/or coseismic observations is reported. Faults are modified after 
Centamore et al., 1992; Festa, 2005; Galadini and Galli, 2000 and Pierantoni et al., 2013; Pucci et al., 2015; Vezzani and Ghisetti, 1998. 
Numbers refer to the following faults. 1: Vettore-Bove fault system; 2: Norcia fault system; 3: Laga Mts fault system; 4: Montereale fault 
system; 5: Mt. Marine fault; 6: Campo Imperatore fault; 7: Mt. Pettino fault; 8: Paganica-S.Demetrio fault system; 9: Mt. Ocre fault; 10: Media 
Aterno Valley fault system; 11: Ovindoli-Pezza fault. 
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Abstract: We present two case studies from eastern Australia, the Cadell and Lake George faults, where late Neogene to 
Quaternary slip histories are deduced with variable completeness. Distinctly non-Poisson, or clustered, slip histories are revealed. 
When assessed together with data from other slowly deforming regions, including the Otago district of New Zealand, a linear 
relationship emerges between the long-term average slip rate (assessed over several seismic cycles) and the rate at which activity 
clusters occur. Furthermore, the rate of earthquakes within a cluster also appears to scale with long term average slip rate. Less 
well correlated is the rate at which a cluster decays to the background rate. That these relationships exist suggests that 
episodically slipping faults may be characterised and incorporated into probabilistic seismic hazard analysis (PSHA) by modelling 
clustered rupture behaviour as a non-homogenous Poisson process. 
 
Key words: intraplate seismicity, clustered rupture, non-homogeneous Poisson process. 
 
 
INTRODUCTION 
 
Paleoseismological studies of Quaternary-active faults in 
slowly deforming regions often reveal episodic large 
earthquake recurrence behaviour, with active periods 
comprising a handful of events being separated by much 
longer quiescent periods (Clark et al., 2012). In stable 
continental regions, such as Australia, this behaviour can be 
extreme, with quiescent periods lasting in the order of a 
million years or more. Such long periods of quiescence pose 
great challenges when attempting to reconstruct slip 
histories using paleoseismic techniques, and in the 
incorporation of these faults into PSHA. We present two 
case studies from eastern Australia, the Cadell and Lake 
George faults (Figure 1), where slip histories were deduced 
with variable completeness using a combination of shallow 
geophysics, the interrogation of high resolution topographic 
datasets, and traditional paleoseismological techniques. 
Distinctly non-Poisson slip histories are revealed, and are 
modelled for incorporation into PSHA. 
 

 
Figure 1: Neotectonic domains model for Australian intraplate 
crust, after Clark et al (2012), with neotectonic features shown. 
 

SLIP EVOLUTION ON THE LAKE GEORGE AND CADELL 
FAULTS, EASTERN AUSTRALIA 
 
The Cadell Fault, found in Phanerozoic accretionary crust in 
southeastern Australia, provides a record of temporally 
clustered morphogenic earthquakes spanning much of the 
Cenozoic (Clark et al., 2015) (Figure 2). The slip rate, averaged 
over perhaps as many as five complete seismic cycles in the 
period 70–20 ka, is c. 0.4–0.5 mm/a, compared with an 
average rate of c. 0.005–0.01 mm/a over the period spanning 
the late Miocene to Recent. If full-length rupture of the 80 km 
long feature is assumed, the average recurrence for Mw 7.3–
7.5 earthquake events on the Cadell Fault in the period 70–20 
ka is c. 8 kyr. At least 20 kyr, and up to 32 kyr, representing 
more than two average seismic cycles, have lapsed since the 
most recent morphogenic seismic event on the fault. It might 
therefore be speculated that this fault has relapsed into a 
quiescent period. A prior active period constrained to the late 
Miocene to Pliocene is imaged in seismic reflection data, and 
involved a similar uplift amount as the most recent active 
period (Clark et al., 2015). 
 
The Lake George Basin formed as the result of west-dipping 
reverse faulting and associated fault propagation folding at 
the eastern margin of the Lake George Range in the interval 
between ca. 3.93 Ma and the present (Macphail et al., 2015). 
Assuming that elevated gravels in the former outlet of the lake 
are correlative with similar lithology at the base of the basin, 
vertical displacement on the order of 250 m has occurred in 
this time interval. Three prominent angular unconformities, 
separating packages of approximately parallel basin strata, 
indicate that deformation was episodic, with 0.78 – 1.3 million 
years separating active periods of ~100 ka duration, involving 
40-70 m of uplift on the fault. Slip rates in active periods are 
not well constrained, but may be >10 times the ~0.09 mm/a 
long-term slip rate, by analogy with the Cadell Fault. The ~75 
km active length of the Lake George Fault is consistent with a 
MW7.4 characteristic earthquake (e.g. Leonard, 2010). The last 
active period appears to have concluded ~0.78 Ma. 
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Figure 2: Slip history for the Cadell Fault, after Clark et al. (2015). 
 
MODELLING CLUSTERED BEHAVIOUR AS A NON 
HOMOGENEOUS POISSON PROCESS (NHPP) 
 
We assume that events recorded in the landscape are 
approximately Mmax (i.e. not aftershocks), and that the 
best predictor of being in an active/quiescent phase is the 
time since the most recent earthquake. Further, we 
assume that cluster decay timescales >> period of interest 
for PSHA (e.g. 50 yrs). 
 
We perform maximum likelihood parameter estimation for 
a NHPP of form shown below (for methodology, see Davies 
et al., 2017), fitted for paleoseismic data from a range of 
low slip rate faults in Australia (e.g. Figure 3), New Zealand 
(e.g. Stirling & Anooshehpoor, 2006), eastern US and 
Europe (e.g. Calais et al., 2016). 

 
This allows us to estimate the present rate of large 
earthquakes based upon the time elapsed since the most 
recent earthquake. Figure 3 shows hazard curve results for 
the Cadell Fault, based upon a set of events at 32, 38.5, 45, 
55, 62.5, 70, 1000, 2000 and 4500 ka. Given the long time 
elapsed since the most recent event, the hazard is seen to 
be much lower than at the start of the cluster, but still 
twice the background rate. 
 

Figure 3: NHPP analysis for the Cadell Fault. Ɵ1 = 6.896e-7, Ɵ2 = 
8.142e-5, Ɵ3 =11041.6. Hazard curves 10 km from fault. 
 
We further assess whether the clustered model 
background rate (Ɵ1) (Figure 4), the rate within a cluster 
(Ɵ2) (Figure 5), and the timescale of expectance of further 
events within a cluster (Ɵ3) scale with long-term 
earthquake rate (Figure 6). Preliminary results suggest 
decreasing goodness of fit from Ɵ1→ Ɵ3. Future work will 
include uncertainties, alternative decay models for events 

in clusters, and test for dependence on tectonic regime. If 
this model can be developed for different neotectonic 
domains (e.g. Clark et al., 2012), then the hazard from a 
clustered fault without detailed paleoseismic data might 
be fully characterised by its long terms slip rate and time 
since the last event. 
 

Figure 4: Rate within quiescent periods scales with long-term 
average rate. Cad = Cadell, LEd = Lake Edgar, Hyd = Hyden, LGe = 
Lake George, NMSZ = New Madrid Seismic Zone, Mee = Meers, Aka 
= Akatori, Whar = Wharakuri, Wait = Waitangi, Rur = Rurrand, 
Dun4 and Dun6 = Dunstan Fault with 4 or 6 events. 
 

Figure 5: Rate within a cluster scales weakly with long-term 
average rate. 
 

Figure 6: Cluster decay timescale scales weakly with long-term 
average rate. 
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DISCUSSION 
 
Temporal clustering of large events in intraplate 
environments has been reported to be a common 
characteristic (e.g. Crone et al., 1997; Quigley et al., 2010; 
Clark et al., 2012). The analysis presented above allows 
that there may be a continuum from relatively faster 
average long-term slip-rate intraplate faults (or even plate 
boundary faults?) and the slowest slip rate faults in the 
Australian Precambrian cratons. However, this has not 
been conclusively demonstrated for the low slip rate faults 
by paleoseismic investigation. The few studies within the 
non-extended Precambrian cratons (Figure 1) find 
evidence for one to three events in the last 100 kyr, and 
perhaps additional events at a time undetermined (Crone 
et al., 1997; Crone et al., 2003; Estrada, 2009; Clark et al., 
2011). Furthermore, all of Australia’s eight historic surface 
ruptures occurred in the Precambrian cratons and have 
occurred in unexpected locations (in that recurrence could 
not be conclusively demonstrated). Over the last few 
decades, permanent and campaign GPS studies across 
Australia have failed to detect a tectonic deformation 
signal from which a strain budget could be calculated (e.g. 
Tregonning, 2003). Similar studies have used these 
observations, amongst others (e.g. Calais et al., 2005), to 
propose that clusters of large events deplete long-lived 
pools of ‘fossil’ lithospheric strain (Calais et al., 2016; Liu & 
Stein, 2016). It is proposed that transient changes in stress 
trigger this pre-strained crust, and recurrence is not 
required. The observation that groups of faults, together 
comprising a deforming region several hundred kilometres 
in extent, can turn ‘on’ and ‘off’ more or less 
simultaneously (e.g. Sandiford, 2003a; Quigley et al., 2010; 
Clark et al., 2012), is consistent with this hypothesis. 
 
However, our data from the Cadell Fault, and particularly 
the Lake George Fault, comprising repeating cycles of 
activity and quiescence, requires recurrence of some kind, 
at least in Phanerozoic and probably Extended intraplate 
crust (Figure 1). An alternative possibility to the ‘fossil 
stress’ hypothesis is that there may be an orders of 
magnitude difference in the timescales of strain 
accumulation and seismogenic strain release in intraplate 
environments. Episodic rupture behaviour on the Lake 
George and Cadell Fault, and nearby faults in Phanerozoic 
crust in eastern Australia, might be controlled by their 
linkage into major crustal fault systems at depth (e.g. 
Cayley et al., 2012), in apparent contrast with the style of 
deformation in non-extended Precambrian SCR crust. 
Periods of strain localization on these major crustal fault 
systems, effectively turning deforming regions ‘on’ and 
‘off’, might still be influenced by changes in distant plate 
boundary forces, or stress transients. 
 
The relationships shown in Figures 4-6, and variations in 
seismogenic potential between neotectonic superdomains in 
general (Figure 1) might relate to lithospheric thickness (cf. 
Mooney et al., 2012). Precambrian Cratonic crust (Figure 1) is 
characterized by the thickest lithosphere and has the lowest 
seismogenic potential, despite all eight documented historic 
surface ruptures in Australia having occurred within this 

category. Little strain accumulation is observed on individual 
faults and isolated single-rupture scarps are common. Where 
recurrence has been demonstrated, average slip rates of only 
a few metres per million years are indicated. In contrast, 
extended crust is associated with thinner lithosphere, better 
connection between faults, and strain localization on faults 
which can result in regional relief-building (Sandiford, 2003b; 
Sandiford, 2003a; Quigley et al., 2006; Holford et al., 2009; 
Webb et al., 2011). The most active faults have accumulated 
several hundred metres of slip under the current crustal stress 
regime at rates of several tens of metres per million years. 
Non-extended Phanerozoic crust is typically intermediate in 
lithospheric thickness and seismogenic character. The more 
active faults have accumulated tens to a couple of hundreds 
of metres of slip, at rates of a few to a few tens of metres per 
million years (e.g the Lake George Fault). Across all 
superdomains paleoseismological data suggest that the 
largest credible earthquakes are likely to exceed those 
experienced in historic times. 
 
The recognition of a relationship between crustal 
type/lithospheric thickness and seismogenic potential in 
Australia provides a framework for assessing whether ergodic 
substitution (i.e. global analogue studies) might be warranted 
as a tool to better understand intraplate seismicity worldwide 
(Clark et al., 2012). For example, the northern Appalachian 
Mountains in the northeast US are very similar in seismicity 
and crustal architecture (Lamontagne et al., 2003) to the 
Flinders Ranges in South Australia (Flöttmann & Cockshell, 
1996; Clark et al., 2012; Balfour et al., 2015). Further research 
is required to assess how variation in crustal stress regime, and 
stress magnitude, may influence faulting characteristics within 
different superdomains. 
 
CONCLUSIONS 
 
Work on characterising the seismogenic potential of the 
Australian intraplate crust allows for a richer understanding 
of variations in intraplate faulting behaviour worldwide. In 
general, the concept of large earthquake recurrence might 
only be meaningful in relation to individual faults in 
Phanerozoic non-extended and extended superdomains 
(Figure 1). However, this assertion is yet to be fully 
demonstrated with paleoseismic data. 
 
Large earthquake recurrence and slip are demonstrably 
unevenly distributed in time. When Australian examples are 
assessed together with data from other slowly deforming 
regions, including the Otago district of New Zealand, the 
results suggest a linear relationship between the long-term 
average slip rate (assessed over several active/quiescent 
cycles) and the rate at which activity clusters occur (Ɵ1) (Figure 
4). Furthermore, the rate of earthquakes within a cluster also 
appears to scale with long-term average slip rate (Ɵ2) (Figure 
5). Less well correlated is the rate at which a cluster decays to 
the background rate (Ɵ3) (Figure 5). That these relationships 
exist suggests that episodically slipping faults may be 
characterised and incorporated into PSHA by modelling 
clustered rupture behaviour as a non-homogenous Poisson 
process. The challenge remains to collect sufficient data to 
populate and validate the models. 
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Australian Precambrian cratons. However, this has not 
been conclusively demonstrated for the low slip rate faults 
by paleoseismic investigation. The few studies within the 
non-extended Precambrian cratons (Figure 1) find 
evidence for one to three events in the last 100 kyr, and 
perhaps additional events at a time undetermined (Crone 
et al., 1997; Crone et al., 2003; Estrada, 2009; Clark et al., 
2011). Furthermore, all of Australia’s eight historic surface 
ruptures occurred in the Precambrian cratons and have 
occurred in unexpected locations (in that recurrence could 
not be conclusively demonstrated). Over the last few 
decades, permanent and campaign GPS studies across 
Australia have failed to detect a tectonic deformation 
signal from which a strain budget could be calculated (e.g. 
Tregonning, 2003). Similar studies have used these 
observations, amongst others (e.g. Calais et al., 2005), to 
propose that clusters of large events deplete long-lived 
pools of ‘fossil’ lithospheric strain (Calais et al., 2016; Liu & 
Stein, 2016). It is proposed that transient changes in stress 
trigger this pre-strained crust, and recurrence is not 
required. The observation that groups of faults, together 
comprising a deforming region several hundred kilometres 
in extent, can turn ‘on’ and ‘off’ more or less 
simultaneously (e.g. Sandiford, 2003a; Quigley et al., 2010; 
Clark et al., 2012), is consistent with this hypothesis. 
 
However, our data from the Cadell Fault, and particularly 
the Lake George Fault, comprising repeating cycles of 
activity and quiescence, requires recurrence of some kind, 
at least in Phanerozoic and probably Extended intraplate 
crust (Figure 1). An alternative possibility to the ‘fossil 
stress’ hypothesis is that there may be an orders of 
magnitude difference in the timescales of strain 
accumulation and seismogenic strain release in intraplate 
environments. Episodic rupture behaviour on the Lake 
George and Cadell Fault, and nearby faults in Phanerozoic 
crust in eastern Australia, might be controlled by their 
linkage into major crustal fault systems at depth (e.g. 
Cayley et al., 2012), in apparent contrast with the style of 
deformation in non-extended Precambrian SCR crust. 
Periods of strain localization on these major crustal fault 
systems, effectively turning deforming regions ‘on’ and 
‘off’, might still be influenced by changes in distant plate 
boundary forces, or stress transients. 
 
The relationships shown in Figures 4-6, and variations in 
seismogenic potential between neotectonic superdomains in 
general (Figure 1) might relate to lithospheric thickness (cf. 
Mooney et al., 2012). Precambrian Cratonic crust (Figure 1) is 
characterized by the thickest lithosphere and has the lowest 
seismogenic potential, despite all eight documented historic 
surface ruptures in Australia having occurred within this 

category. Little strain accumulation is observed on individual 
faults and isolated single-rupture scarps are common. Where 
recurrence has been demonstrated, average slip rates of only 
a few metres per million years are indicated. In contrast, 
extended crust is associated with thinner lithosphere, better 
connection between faults, and strain localization on faults 
which can result in regional relief-building (Sandiford, 2003b; 
Sandiford, 2003a; Quigley et al., 2006; Holford et al., 2009; 
Webb et al., 2011). The most active faults have accumulated 
several hundred metres of slip under the current crustal stress 
regime at rates of several tens of metres per million years. 
Non-extended Phanerozoic crust is typically intermediate in 
lithospheric thickness and seismogenic character. The more 
active faults have accumulated tens to a couple of hundreds 
of metres of slip, at rates of a few to a few tens of metres per 
million years (e.g the Lake George Fault). Across all 
superdomains paleoseismological data suggest that the 
largest credible earthquakes are likely to exceed those 
experienced in historic times. 
 
The recognition of a relationship between crustal 
type/lithospheric thickness and seismogenic potential in 
Australia provides a framework for assessing whether ergodic 
substitution (i.e. global analogue studies) might be warranted 
as a tool to better understand intraplate seismicity worldwide 
(Clark et al., 2012). For example, the northern Appalachian 
Mountains in the northeast US are very similar in seismicity 
and crustal architecture (Lamontagne et al., 2003) to the 
Flinders Ranges in South Australia (Flöttmann & Cockshell, 
1996; Clark et al., 2012; Balfour et al., 2015). Further research 
is required to assess how variation in crustal stress regime, and 
stress magnitude, may influence faulting characteristics within 
different superdomains. 
 
CONCLUSIONS 
 
Work on characterising the seismogenic potential of the 
Australian intraplate crust allows for a richer understanding 
of variations in intraplate faulting behaviour worldwide. In 
general, the concept of large earthquake recurrence might 
only be meaningful in relation to individual faults in 
Phanerozoic non-extended and extended superdomains 
(Figure 1). However, this assertion is yet to be fully 
demonstrated with paleoseismic data. 
 
Large earthquake recurrence and slip are demonstrably 
unevenly distributed in time. When Australian examples are 
assessed together with data from other slowly deforming 
regions, including the Otago district of New Zealand, the 
results suggest a linear relationship between the long-term 
average slip rate (assessed over several active/quiescent 
cycles) and the rate at which activity clusters occur (Ɵ1) (Figure 
4). Furthermore, the rate of earthquakes within a cluster also 
appears to scale with long-term average slip rate (Ɵ2) (Figure 
5). Less well correlated is the rate at which a cluster decays to 
the background rate (Ɵ3) (Figure 5). That these relationships 
exist suggests that episodically slipping faults may be 
characterised and incorporated into PSHA by modelling 
clustered rupture behaviour as a non-homogenous Poisson 
process. The challenge remains to collect sufficient data to 
populate and validate the models. 
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Abstract: The MW 7.8 Kaikōura earthquake, characterised by rupture of multiple upper plate faults and a part of the subduction 
interface, prompts reassessment of paleoseismic data to understand if synchronous crustal fault and subduction interface 
ruptures are a typical or atypical mode of plate motion accommodation along the very southern extent of the Hikurangi margin. 
Large subduction earthquakes on the southern Hikurangi margin occurred at 520 – 470 and 880 – 800 yrs BP. We compare the 
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paleoseismic data suggests the upper plate fault-subduction interface interaction seen in 2016 has also occurred in the past, if 
not in a synchronous rupture then at least closely spaced in time.
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INTRODUCTION 
 
The MW 7.8 Kaikōura earthquake ruptured a complex 
network of crustal faults and a deep patch of the plate 
interface at the southern end of the Hikurangi margin 
(Hamling et al. 2017). Synchronous upper plate fault and 
subduction interface ruptures have occurred in historic 
times on other plate boundaries and on the Hikurangi 
margin. The Alaska 1964 earthquake (Plafker 1967) and 
2010 Maule (Chile) earthquake (Melnick et al. 2012) saw 
upper plate faults rupture with the subduction interface 
but in these examples the splay fault rupture clearly 
accounted for a minor portion of the total slip. In the AD 
1855 M 8.2 Wairarapa earthquake a deep portion (18 – 30 
km depth) of the southern Hikurangi subduction interface 
may have ruptured based on historic accounts of the 
spatial extent of coastal deformation (Beavan and Darby 
2005). However, the majority of slip occurred on the 
Wairarapa fault (Fig. 1a) and only a relatively minor 
amount could have occurred on the subduction interface. 
This behaviour of the deep part of the southern Hikurangi 
subduction interface slipping with crustal fault ruptures, 
now witnessed in 2 historic earthquakes, raises questions 
such as: (1) how and when is strain released on the shallow 
part of the subduction interface?; and (2) is rupture of the 
southern Hikurangi subduction interface always 
accompanied by upper plate fault rupture(s)? Here we 
compile paleoearthquake records from the southern 
Hikurangi margin and compare the timing of past crustal 
fault ruptures with subduction interface earthquakes. 
 
Past subduction earthquakes on the southern Hikurangi margin 
Evidence for past subduction earthquakes on the southern 
Hikurangi margin is derived from studies of saltmarsh 

subsidence and tsunami inundation at Big Lagoon, also 
called Mataora-Wairau Lagoon, 14 km east of Blenheim 
(Clark et al. 2015; King et al. 2017). At Big Lagoon, sudden 
subsidence of saltmarsh soil horizons is documented from 
stratigraphic and microfossil evidence (Fig. 2). The last 
event, recorded by ~0.25 m of subsidence, occurred at 470 
– 520 yrs BP, and the penultimate event, recorded by ~0.5 
m subsidence and tsunami inundation, occurred at 800 – 
880 yrs BP (Clark et al. 2015). While subsidence at Big 
Lagoon could feasibly be caused by some nearby active 
crustal faults it is best-fit by rupture of the southern 
Hikurangi plate interface (Fig. 3). The search for evidence 
of older subduction earthquakes on the southern 
Hikurangi margin is ongoing. The ubiquity of crustal faults 
means many parts of the southern Hikurangi coastline 
have a tectonic signal dominated by upper plate faults 
rather than subduction earthquakes. 
 
Historic earthquakes of the southern Hikurangi margin 
The written historic period in New Zealand extends back to 
the early 1800’s when European settlement became 
widespread. Since AD 1840 there have been three notable 
large earthquakes on the southern Hikurangi margin and 
Marlborough Fault System: the 1848 M7.4 Awatere 
earthquake, the 1855 M8.1 – 8.2 Wairarapa earthquake, and 
the 2016 MW 7.8 Kaikōura earthquake (Fig. 1b). Of these 
three, the Awatere earthquake, appears to be the simplest 
fault rupture with a surface rupture length of 100 – 110 km 
(Grapes et al. 1998; Mason and Little 2006). The Wairarapa 
earthquake rupture was 120 km onland and up to 40 km 
offshore into Cook Strait (Rodgers and Little, 2006). 
Principally on the Wairarapa fault, where up to 18.7 m of 
lateral displacement occurred, the earthquake also ruptured 
an offshore part of the Wharekahau thrust to the south, and 
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network of crustal faults and a deep patch of the plate 
interface at the southern end of the Hikurangi margin 
(Hamling et al. 2017). Synchronous upper plate fault and 
subduction interface ruptures have occurred in historic 
times on other plate boundaries and on the Hikurangi 
margin. The Alaska 1964 earthquake (Plafker 1967) and 
2010 Maule (Chile) earthquake (Melnick et al. 2012) saw 
upper plate faults rupture with the subduction interface 
but in these examples the splay fault rupture clearly 
accounted for a minor portion of the total slip. In the AD 
1855 M 8.2 Wairarapa earthquake a deep portion (18 – 30 
km depth) of the southern Hikurangi subduction interface 
may have ruptured based on historic accounts of the 
spatial extent of coastal deformation (Beavan and Darby 
2005). However, the majority of slip occurred on the 
Wairarapa fault (Fig. 1a) and only a relatively minor 
amount could have occurred on the subduction interface. 
This behaviour of the deep part of the southern Hikurangi 
subduction interface slipping with crustal fault ruptures, 
now witnessed in 2 historic earthquakes, raises questions 
such as: (1) how and when is strain released on the shallow 
part of the subduction interface?; and (2) is rupture of the 
southern Hikurangi subduction interface always 
accompanied by upper plate fault rupture(s)? Here we 
compile paleoearthquake records from the southern 
Hikurangi margin and compare the timing of past crustal 
fault ruptures with subduction interface earthquakes. 
 
Past subduction earthquakes on the southern Hikurangi margin 
Evidence for past subduction earthquakes on the southern 
Hikurangi margin is derived from studies of saltmarsh 

subsidence and tsunami inundation at Big Lagoon, also 
called Mataora-Wairau Lagoon, 14 km east of Blenheim 
(Clark et al. 2015; King et al. 2017). At Big Lagoon, sudden 
subsidence of saltmarsh soil horizons is documented from 
stratigraphic and microfossil evidence (Fig. 2). The last 
event, recorded by ~0.25 m of subsidence, occurred at 470 
– 520 yrs BP, and the penultimate event, recorded by ~0.5 
m subsidence and tsunami inundation, occurred at 800 – 
880 yrs BP (Clark et al. 2015). While subsidence at Big 
Lagoon could feasibly be caused by some nearby active 
crustal faults it is best-fit by rupture of the southern 
Hikurangi plate interface (Fig. 3). The search for evidence 
of older subduction earthquakes on the southern 
Hikurangi margin is ongoing. The ubiquity of crustal faults 
means many parts of the southern Hikurangi coastline 
have a tectonic signal dominated by upper plate faults 
rather than subduction earthquakes. 
 
Historic earthquakes of the southern Hikurangi margin 
The written historic period in New Zealand extends back to 
the early 1800’s when European settlement became 
widespread. Since AD 1840 there have been three notable 
large earthquakes on the southern Hikurangi margin and 
Marlborough Fault System: the 1848 M7.4 Awatere 
earthquake, the 1855 M8.1 – 8.2 Wairarapa earthquake, and 
the 2016 MW 7.8 Kaikōura earthquake (Fig. 1b). Of these 
three, the Awatere earthquake, appears to be the simplest 
fault rupture with a surface rupture length of 100 – 110 km 
(Grapes et al. 1998; Mason and Little 2006). The Wairarapa 
earthquake rupture was 120 km onland and up to 40 km 
offshore into Cook Strait (Rodgers and Little, 2006). 
Principally on the Wairarapa fault, where up to 18.7 m of 
lateral displacement occurred, the earthquake also ruptured 
an offshore part of the Wharekahau thrust to the south, and 
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probably ruptured the Alfredton fault to the north (Rodgers 
and Little 2006). The pattern of subsidence, recorded by 
historic observations, is consistent with rupture of the deep 
part of the subduction interface (Beavan and Darby 2005), 
and this deep rupture is also invoked as an explanation for 
the very high surface displacement for the length of the fault 
(Rodgers and Little 2006). The 2016 Kaikōura earthquake 
ruptured at least 20 crustal faults from north Canterbury to 
Cape Campbell (Fig. 1b), and also ruptured the deep portion 
of the plate interface (Hamling et al. 2017, Litchfield et al. 
submitted, and many papers in this volume). 
 

 
Figure 1: (a) Tectonic setting of the southern Hikurangi margin, 
active faults in red (onshore faults from the NZ active faults 
database, (Langridge et al. 2016), and offshore faults from NIWA). 
Dark red faults: 2016 Kaikōura earthquake ruptures. (b) Map of 
faults included in our compilation of historic earthquakes and 
paleoearthquakes, and location of marine terraces. 
 

Past upper plate fault earthquakes on the southern 
Hikurangi margin 
The southern Hikurangi margin is traversed by 
numerous active faults and paleoearthquake records 
spanning the past ~1200 years are known for all the high 
slip-rate faults, except for some offshore faults (e.g. Boo 
Boo fault, Fig. 1a). We have compiled the probability 
density functions (pdfs) for the paleoeathquakes of the 
past 1200 – 1500 years in Figure 4. 
 

 
Figure 2: Stratigraphic evidence of past subduction earthquakes 
from Big Lagoon, figure adapted from Clark et al. (2015).  
 

 
Figure 3: (a) Coupling coefficient on the southern Hikurangi 
subduction interface (figure modified from Wallace and Beavan 
2010). (b) Upper plate deformation produced by a plausible 
southern Hikurangi subduction interface earthquake scenario. 
Here, we use elastic dislocation, half-space modelling of a 
subduction earthquake scenario with 500 yrs of accumulated slip 
based on the present-day pattern of interseismic locking shown in 
(a). Figure adapted from Clark et al. (2015). 
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Figure 4: Probability distributions for paleoearthquakes on the 
subduction interface (red pdfs) and on upper plate faults of the 
southern Hikurangi margin (black pdfs). See Fig. 1 for locations.  
Subduction interface rupture age span is shaded in light blue. The 
grey shaded pdfs of Waipapa Bay uplift denote poorly constrained 
ages because the dates were obtained in the 1980s when the 
precision of radiocarbon dating was much lower and these ages 
represent only one shell from the lowest and 3rd highest terraces. 
Original data sources: 1: (Berryman et al. 2011); 2: (Litchfield et al. 
2013); 3: (Cochran et al. 2015); 4: (Litchfield et al. 2006); 5: (Heron, 
Van Dissen, and Sawa 1998); 6: (Litchfield et al. 2010); 7: (Langridge 
et al. 2011); 8: (Little et al. 2009); 9: (Mason, Little, and Van Dissen 
2006); 10: (Clark et al. 2015); 11: Litchfield et al., this volume; 12: 
(Little et al. in press). All terrestrial radiocarbon dates calibrated 
using the ShCal13 curve. Shell samples were calibrated using the 
Marine 13 curve, with ΔR = 75±46 yrs for the Wairarapa coast (value 
derived from unpublished data) and ΔR = 3±14 yrs for Cape Campbell 
and Waipapa Bay (value from McSaveney et al. 2006). 
 
Most paleoearthquake records have been obtained from 
paleoseismic trenches (e.g. Wellington, Wairarapa, 
Awatere, Ohariu, Kekerengu faults) and some 
paleoearthquake ages are inferred from the coseismic 
uplift of Holocene marine terraces. Along the Wairarapa 
coast, uplift of marine terraces is primarily attributed to 
the offshore Paliser-Kaiwhata fault although could also 
be caused by the subduction interface (Berryman et al. 
2011). Uplift of Cape Campbell is inferred to be caused by 
the Needles fault (as occurred in the 2016 Kaikōura 
earthquake) and uplift ay Waipapa Bay is inferred to have 
been caused by slip on the Papatea fault (also the case in 
the 2016 Kaikōura earthquake). Marine terrace ages are 
derived from shells on the terrace and we assume the 
shell death dates the earthquake but acknowledge that 
uplift could have occurred after shell death, so the 
terrace ages are maximums. 
 
Some pdfs shown in Figure 4 have been derived directly 
from age models presented in publications (cited in Fig. 
4) but many studies pre-dated the routine use of 
Bayesian statistical methods for the evaluation of events 

ages bounded by radiocarbon dates. For the Ohariu, 
Wellington, Wairarapa and Awatere faults we have 
recalculated the paleoearthquakes ages using OxCal 
models (Bronk Ramsey 2009). In most cases the 
paleoearthquake age has not significantly changed from 
the published age. The Ohariu fault earthquake age shifts 
to an older and wider age distribution compared to the 
published age range of 1000 – 1050 yrs BP in (Litchfield 
et al. 2006). 
 
Discussion 
The assessment of multi-fault ruptures in the geological 
record is fraught with difficulties due to the variable 
thresholds for the preservation of evidence and 
uncertainties in paleoearthquake ages. Temporal 
correlations of radiocarbon-dated events are hampered by 
decadal- to centennial-scale uncertainties intrinsic to 14C 
measurements and calibration, and uncertainties 
introduced by sample proximity and relationship to the 
event horizon. Nevertheless, the evaluation of 
paleoseismic evidence can often firmly discount the 
possibility of past synchronous rupture of two or more 
candidate faults, and it can give us information on faults 
that did rupture within a certain time span. Thus, 
simultaneous rupture cannot be proven but it can be 
shown as a possibility. 
 
Our compilation of paleoearthquake ages from the 
southern Hikurangi margin shows that the third most 
recent event of the Kekerengu fault partially overlaps 
(at the 95% uncertainty range) with the last rupture of 
the subduction interface (Fig. 4). The 95% uncertainty 
range on the timing of the penultimate rupture of the 
subduction interface overlaps partially with the age 
ranges of ruptures of the Wellington, Wairarapa, and 
Awatere faults, and with uplift of a marine terrace on 
the SE Wairarapa coast. Despite the age uncertainties, 
paleoseismic data suggests the upper plate fault-
subduction interface interaction seen in 2016 has also 
occurred in the past, if not in a synchronous rupture 
then at least closely spaced in time. We also note from 
Figure 4 that the time period from ~550 – 800 yrs BP 
appears to have been relatively seismically quiescent, 
with only ruptures on the Rangitane fault and uplift of 
the SE Wairarapa coast and possibly the Waipapa Bay 
coast recorded. 
 
Current research is focussing on collection of new high 
resolution paleotsunami, coastal deformation and 
turbidite records from the southern Hikurangi margin. 
The acquisition of more multi-proxy paleoseismic data 
with a focus on tight age constraints from radiocarbon 
dating should increase our ability to examine upper 
plate fault-subduction interface interactions in the past. 
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Abstract: We used sedimentary sequences from wetlands adjacent to the Alpine Fault in Southland, New Zealand to develop a 
history of surface-rupturing earthquakes. At Hokuri Creek and John O’Groats River, wetlands on the upstream but downthrown 
side of the Alpine Fault have recorded hydrological and sedimentological responses to earthquakes over many millennia. We 
used various paleoseismological techniques to identify past earthquakes and obtain age estimates. Our analyses indicate 27 
surface-rupturing earthquakes occurred on the South Westland section of the fault over the last 8000 years. The coefficient of 
variation for the dataset (0.41) indicates quasi-regular occurrence of earthquakes. This is consistent with the structural maturity 
of the fault and the high proportion of plate-boundary motion it accommodates. It suggests time-dependent recurrence models 
are appropriate for seismic hazard estimation on this and similar faults. We explore the potential for extracting long earthquake 
records using similar techniques at other sites in New Zealand.  
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INTRODUCTION 
 
The year 2017 marks 300 years since the last major 
surface-rupturing earthquake on the Alpine Fault – the 
transform plate boundary fault that traverses the length of 
the South Island in New Zealand (Fig. 1). The 1717 AD 
earthquake is estimated to have been of magnitude 8.1 
and to have ruptured 380 km of the fault (Wells et al., 
1999; De Pascale & Langridge, 2012). Impacts of this event 
included extensive landsliding, forest destruction, and 
decades of increased sedimentation in lakes, rivers and at 
the coast (Wells & Goff, 2007; Howarth et al., 2014). The 
impact of such an event today is likely to include hundreds 
of fatalities, thousands of injuries and billions of dollars of 
damage (Robinson et al., 2014). The aim of our research 
was to better understand the earthquake recurrence 
behaviour of the Alpine Fault and to improve seismic 
hazard estimates. 
 
We developed long earthquake records from two sites on 
the South Westland section of the Alpine Fault (the 
southernmost onshore extent of the fault; Fig. 1). At Hokuri 
Creek, we studied fault-proximal outcrops from a paleo-
wetland and at John O’Groats River, we collected cores 
from a fault-proximal wetland. At these sites, the Alpine 
Fault, although dominantly strike-slip, has a small 
component of vertical slip that causes uplift to the 
northwest (i.e., opposite sense to that observed on the 
central and North Westland sections) so drainage from 
mountains to the east is impeded by the fault scarp (Fig.2). 
Hokuri Creek and John O’Groats River have had to flow 

through channels incised into scarps that rise up to 15 m 
above the valley floor. Therefore, coseismic movement 
results in offset of the channel and flooding of the valley 
floor on the upstream side of the fault until the new scarp 
is eroded or a new channel established. 
 

Figure 1: Map of the South Island of New Zealand showing the 
Alpine Fault with a bold red line, the location of study sites as black 
squares, and other active faults as fine black lines. 
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floor on the upstream side of the fault until the new scarp 
is eroded or a new channel established. 
 

Figure 1: Map of the South Island of New Zealand showing the 
Alpine Fault with a bold red line, the location of study sites as black 
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Figure 2: Photos of the study sites at Hokuri Creek (left) and John O’Groats River (right) looking northeast. The trace of the Alpine Fault is marked 
by arrows and the outcrops and core locations are marked by circles. The channels of both Hokuri Creek and John O’Groats River reach the 
upthrown scarp of the Alpine Fault and are forced to flow along the scarp to a previous outflow channel or low point across the fault. Hokuri 
Creek has now abandoned its old outflow channel and cut down through the wetland sequence that we studied. At John O’Groats River, the 
wetland is still in place ready to record the next earthquake so it acts as a modern analogue for what the Hokuri Creek study site would have 
looked like. These sites are about 20 km apart along the fault (Fig. 1). 

This geomorphology, along with the sedimentary regime of 
the catchments, has resulted in preservation of millennial-
scale records of past surface-rupturing earthquakes. We 
observed cyclic stratigraphy at both sites that consisted of 
peats and organic silts of an in-situ wetland being 
repeatedly overlain by non-organic fine sands and silts 
transported from the catchment. 
 
We inferred that the wetland peats represent the 
interseismic period and the clastics represent the post-
seismic response in the form of flooding and sediment flux 
from the catchment. This enabled us to identify 
earthquake event horizons at the major, valley-wide 
transitions between peat and silt. We obtained age 
estimates for the earthquakes by radiocarbon dating short-
lived organic fractions such as seeds and leaves either side 
of these sedimentary transitions. 
 
The key techniques we used to develop these earthquake 
records were: 
• Geomorphological characterisation of the site 

including single event displacement measurements.  
• Stratigraphic characterisation of all available 

outcrops and cores in both fault-parallel and fault-
normal directions.  

• A ground penetrating radar survey to map the 
continuity of units between cores at the John 
O’Groats River site.  

• Detailed sedimentology and microfossil analysis to 
determine depositional environments and processes 
of all sediment types present.  

• Ranking of peat-silt transitions according to specific 
criteria to determine likelihood of earthquake versus 
non-earthquake cause of change. Criteria included 
suddenness of change, amount of change in 
depositional environment, lateral extent and 
synchroneity of change across each basin. 

• Radiocarbon dating immediately either side of event 
horizons. Earthquake age estimates and uncertainties 
were obtained through Bayesian statistical modelling. 

 
DISCUSSION 
 
We found that major, basin-wide peat-silt couplets at each 
site represented earthquake event horizons. We identified 
22 earthquakes occurring over 7000 years at Hokuri Creek 
(Clark et al., 2013) and 7 earthquakes in 2000 years at John 
 
O’Groats River (Cochran et al., 2017). Two earthquakes 
overlap in time between the two sites and are considered 
to represent the same earthquakes. Therefore, the joint 
record consists of 27 earthquakes over the last 8000 years 
(Cochran et al., 2017; Fig. 3). 
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Figure 3: Ages of major, surface-rupturing earthquakes on the South Westland section of the Alpine Fault as recorded in fault-proximal wetlands 
at Hokuri Creek (grey curves) and John O’Groats River (black curves). Curves are the probability density functions of the modelled ages. Two 
earthquakes were recorded at both sites as noted by the square brackets. 
 
The exact magnitude of events recorded at these sites is 
unknown. However, it appears that they must have been 
earthquakes large enough to break the ground surface 
with metre-scale oblique offset to have caused the 
observed flooding. Single event displacement 
measurements at Hokuri Creek indicated that the 
northwestern block of the Alpine Fault moved 7.5 ± 1 m 
dextrally and 1 ± 0.5 m vertically in the most recent event 
(Clark et al., 2013). The most recent whole-fault rupture 
(1717 AD) is calculated to have been a magnitude 8.1 
earthquake (De Pascale & Langridge, 2012). Therefore, our 
dataset likely includes earthquakes in the magnitude range 
of high sevens to low eights – we refer to them informally 
as “major”. The record may be missing an occasional major 
earthquake, but regardless, the timeline clearly indicates 
relatively regular occurrence of such events (Fig. 3). 
 
The impact of these results has been threefold. Firstly, we 
have demonstrated that the mature, fast-slipping, strike-
slip Alpine Fault ruptures quasi-periodically (Berryman et 
al., 2012). The coefficient of variation for the joint dataset 
is 0.41 and suggests that time-dependant earthquake 
recurrence models are appropriate for seismic hazard 
estimation on this, and similar faults worldwide (Cochran 
et al., 2017). 
 
Secondly, we have vastly improved the robustness of 
seismic hazard estimates because they are now based on 
27 past earthquakes rather than the 3 or 4 that were 
previously known about (Biasi et al., 2015; Cochran et al, 
2017). The mean recurrence interval for major 
earthquakes on the South Westland section of the Alpine 
Fault is 291 years ± 23 years which is similar to the 300 
years of elapsed time since the last major surface-
rupturing earthquake. 
 
Thirdly, knowledge of this long earthquake record and 
associated statistics has helped motivate earthquake 
preparedness in communities living along the fault and 
increased co-ordination efforts by civil defence and the 
local authorities who will be part of the response to such 
an event in the future. 
 
The success of this research led us to ask in this paper, 
“Where to from here?” Can similar sites and techniques be 
used to complement other on-fault and off-fault 
earthquake records and contribute to much improved 
understanding? 
 

The key features of the Hokuri Creek and John O’Groats 
River sites that made them excellent repositories of 
paleoseismological information are: 
• A confined catchment with drainage that crosses the 

fault of interest. 
• A vertical component of fault movement that inhibits 

drainage immediately after each earthquake 
(preferably the downstream side of the fault is 
upthrown coseismically). 

• A catchment that produces clastic sediment in 
response to seismic shaking in volumes that don’t 
overwhelm the valley.  

• A sedimentary basin that accumulates sediment 
interseismically and incorporates organic material 
suitable for radiocarbon dating. 

 
Along other parts of the Alpine Fault long (1-2 ka) 
earthquake records have been successfully derived from 
lacustrine sedimentary sequences (Howarth et al., 2012; 
2014; 2015). However, there are long stretches of the fault 
where suitable lakes do not exist and wetland-derived 
records may be the best approach for improving 
understanding. 
 
In addition, there are other fast-slipping faults in New 
Zealand for which robust seismic hazard estimates would 
be very beneficial for risk estimation and preparedness 
planning. For example, the Hope Fault (Fig. 1) slips at rates 
of up to 23 ± 4 mm/yr (Langridge et al., 2013) and only the 
last 2-3 earthquakes have been identified for the eastern, 
most populated Conway segment of the fault (Langridge et 
al., 2003). Further west up to six events have been 
identified including some from fault-proximal wetlands 
(Cowan & McGlone, 1991) and shutter basin deposits 
(Khajavi et al., 2016). The Hope Fault did not rupture in the 
Mw7.8 Kaikōura earthquake of 2016 despite faults to the 
south and north of it rupturing. Will it be the source of our 
next major earthquake? One way of improving estimates 
of the probability of future rupture would be to derive 
longer earthquake records with high-resolution age 
control from fault-proximal ponds and wetlands. 
 
Fault-proximal earthquake records such as those described 
here have advantages and disadvantages over more 
traditional on-fault and off-fault records. They are not as 
unequivocally tied to the fault of interest as are earthquake 
records derived from trenches across the fault, but they 
are more convincingly linked than records from distal lakes 
that may record events from a number of sources. They 
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Figure 3: Ages of major, surface-rupturing earthquakes on the South Westland section of the Alpine Fault as recorded in fault-proximal wetlands 
at Hokuri Creek (grey curves) and John O’Groats River (black curves). Curves are the probability density functions of the modelled ages. Two 
earthquakes were recorded at both sites as noted by the square brackets. 
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have more continuous sedimentation and higher likelihood 
of containing dateable material than trenches but 
sedimentation is unlikely to be as continuous as lake 
records. We believe that fault-proximal earthquake 
records have an important role to play in bridging the gap 
between on-fault and off-fault records to improve our 
understanding of earthquake recurrence behaviour and 
seismic hazard in this country. 
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Abstract: Earthquake triggered liquefaction and lateral spreading was widespread in Canterbury, New Zealand (NZ) during the 
2010-2012 Canterbury Earthquake Sequence (CES) and led to ~$20 Billion NZD of damage. Although the causes and timing of 
liquefaction during the CES are well known, the geological controls on lateral spreading are more poorly-understood. We 
undertook a multidisciplinary investigation funded by the National Science Foundation (NSF) and explored lateral spreading in 
Christchurch during the CES using image differencing displacement maps, shear wave velocity profiles, boreholes and cone 
penetration (CPT) soundings, and paleoseismic trenching with radiocarbon dating. Preliminary results suggest that cumulative 
displacements from the CES are less than those observed in our trench along faults and index beds in the subsurface, and along 
a key down-dropped soil, when combined with clear paleoliquefaction at the site (e.g. faulted pre-CES sand boils) suggest at least 
one major pre-CES lateral spreading event here. 
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INTRODUCTION 
 
Earthquake triggered liquefaction and lateral spreading was 
widespread in Canterbury, New Zealand during the 2010-
2012 Canterbury Earthquake Sequence (CES) and led to ~$20 
Billion NZD of damage to infrastructure. The 2010-2012 CES 
caused widespread liquefaction over approximately half of 
the urban area of Christchurch (damaging nearly 60,000 
homes with about 8000 properties abandoned due to being 
uneconomical for redevelopment; Cubrinovski and and 
Robinson, 2016) during a number of events from Mw 5.9-7.1 
(e.g. Gledhill et al., 2011; Kaiser et al., 2012). Liquefaction is 
well studied from the CES geological investigations (Quigley 
et al., 2013; Bastin et al., 2015, 2016; Villamor et al., 2016), 
liquefaction-induced lateral spreading, or large permanent 
ground displacements towards waterways, is a major co-
seismic geohazard although the geological and geomophic 
controls of lateral spreading is poorly characterised. We 
undertook a multidisciplinary investigation funded by the 
National Science Foundation (NSF) and explored lateral 
spreading in the red zone of Christchurch (Figure 1), New 
Zealand during the CES using a number of methods. 
 
We used image differencing displacement maps derived 
from WorldView-1 (pre-event) and GeoEye-1 (post-event) 
satellites, shear wave velocity profiles, boreholes and cone 
penetration (CPT) soundings, and paleoseismic trenching 
with radiocarbon dating. Permanent lateral ground 
displacements and subsequent vertical subsidence along 
rivers and streams progressed hundreds of metres back 
from the river banks, significantly exceeding expected 
lateral spread distances calculated from empirically-based 
predictive relationships. Although the causes and timing of 
liquefaction during the CES are well known, the geological 
controls on lateral spreading are more poorly-understood. 

 
 
 

Figure 1: Google Earth image showing the “red zone” of residental 
Christchurch after the CES. Note that most of the area in green was 
once filled with homes that were damaged due to lateral spreading 
towards the Avon River. Note star shows approximate location of 
Figure 2 and the trench location. 
 
At our Avonside Drive site (Figs. 1 and 2), where lateral 
spreading along the Avon River was common, the highest 
displacement values in the modelled displacements 
coincided with a house, yard, and fence with a down to the 
west linear vertical step in it (Fig. 2). This was coincident 
with highest displacements in the displacement maps. 
Here we trenched along the headscarp of the lateral 
spread. We dug and logged a 22 m long trench in order to 
better understand lateral spreading here. 
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Figure 1: Google Earth image showing the “red zone” of residental 
Christchurch after the CES. Note that most of the area in green was 
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spreading along the Avon River was common, the highest 
displacement values in the modelled displacements 
coincided with a house, yard, and fence with a down to the 
west linear vertical step in it (Fig. 2). This was coincident 
with highest displacements in the displacement maps. 
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Figure 2: Google maps street view image of a house in the Red Zone 
with a vertical scarp (down to the west) running under it due to lateral 
spreading (our trench location). House location shown in Fig. 1. 
 
DISCUSSION 
 
Mapping and trenching results shows the lateral 
spreads terminate at clear geological contacts where 
liquefaction susceptible sands onlap non- or less-
susceptible silts and clays (Fig. 3). Because of repeated 
lateral spreading (pre-historic and CES) along the same 
down-dropped blocks (i.e. boundaries) found in our 
trench, these preliminary results suggest geological 
control on lateral spreading. Key silt lenses allowed us 
to track displacements across the trench (Fig. 4) in 
relation to surface displacements. 
 

 
Figure 3: Field photograph of the Red Zone trench log floor 
showing extension along the headscarp of a lateral spread with 
infilled liquefaction-induced sand dikes. Note that the lateral 
spread terminated at a contact between sand and clay. Down-
dropped side is behind person and uppermost sand dike is the limit 
of lateral spreading during the CES. 
 
Importantly we found that cumulative displacements from 
the CES are less than those observed in our trench along 
faults and index beds (e.g. Fig. 4) in the subsurface, and 
along a key down-dropped young soil, when combined 
with clear paleoliquefaction at the site (e.g. faulted pre-CES 

sand boils), and radiocarbon dating suggest a major pre-
CES lateral spreading here in the last 600 years. 
 
Importantly, although sites that are susceptible for 
liquefaction can be investigated via geological and 
geotechnical means prior to development, very limited 
work has been done to screen for lateral spreading 
hazards from a geological perspective prior to 
development. Repeated lateral spreading appears to have 
a critical geological control, with recurrence of events 
occurring at the contact between susceptible and non-
susceptible deposits. 
 
Thus, our preliminary results suggest that trenching 
investigations of lateral spreading, like commonly used 
for investigations to better understand “active” faults (De 
Pascale et al., 2017), can provide a sound basis for hazard 
zonation maps (e.g. liquefaction and lateral spreading), 
and mitigation strategies (e.g. avoidance areas or ground 
improvement targets) to reduce the future impact of 
liquefaction induced lateral spreading during 
earthquakes. Because preliminary data are so 
encouraging, more focus should be undertaken on this 
topic globally to better understand and plan for this 
important coseismic geohazard. 
 

 
Figure 4: Portion of Red Zone NSF trench log showing down 
dropped silt unit in massive sand due to lateral spreading. 
Horizontal Scale at bottom and vertical scale in m. Star shows 
approximate location of radiocarbon date. 
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Abstract: Of primary importance in Seismic Hazard Assessments (SHA) is finding, mapping, and then investigating faults in order to 
determine if they are “active”, and thus potential seismic sources. Thus, faults are generally considered innocent (i.e. inactive) until 
proven guilty (i.e. active). Recent evidence demonstrates that lack of evidence of activity (or mapping) due to lack of investigation along 
these faults does not mean the faults are inactive. Although there are uncertainties due to mapping at various scales and definition of 
how long since last activity a fault is considered active, by comparing all identified faults in three regions, we find that 71% of faults in 
California, 24% of faults in New Zealand, and 5% of faults in Chile are considered “active”. Thus, in the best studied area (California), 
most of the faults are active. Thus to answer the question in the title, perhaps yes it is better to consider all faults in tectonically active 
zones guilty (active) until proven inactive (not guilty) and we should invest in mapping to best understand seismic sources. 
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INTRODUCTION 
 
Of primary importance in Seismic Hazard Assessments 
(SHA) is finding, mapping, and then investigating faults in 
order to determine if they are “active” (from Cenozoic to 
Quaternary to Holocene in timescales), and thus potential 
seismic sources. Thus, faults are considered innocent (i.e. 
inactive) until proven guilty (i.e. active). 
 
Perhaps this workflow works ok in slowly deforming 
regions, or in regions that are well mapped and 
investigated, but recent evidence from zones globally with 
rapid tectonic deformation demonstrate that oftentimes 
lack of evidence of activity (or lack of mapping) due to lack 
of investigation (or limited field observations) along these 
faults does not mean the faults are inactive. 
 
Excellent mapping and compilations (i.e. databases) in New 
Zealand (e.g. NZ active fault database by GNS) and 
California (the AP Zoning maps from California Geological 
Survey, CGS), provide first-order indictions of activity which 
is helpful for fault rupture avoidance. However these 
databases are limited to results from published papers, 
maps, or reports as input parameters. 
 
Fault ruptures during the Mw 7.8 2016 Kaikoura, NZ 
Earthquake are telling, where a number of previously 
unmapped and/or formerly considered “inactive” faults 
ruptured over a complex fault network with 12 different 
fault rupturing (Fig. 1; e.g. Hamling et al., 2017). Recent 
fieldwork in the near the Salton Sea of Southern California 
demonstrates that previously unmapped major faults (e.g. 
the Salton Trough Fault) are important parts of the San 
Andreas fault system and are active (e.g. Sahakian et al., 
2016). In NZ, New results from the South Westland Fault 
shows extensive Quaternary activity west of the Alpine 
Fault in Westland (e.g. De Pascale et al., 2016), with reverse 
ruptures and hanging wall anticlinal folding in an area 
without previously identified active faults (Langridge et al., 
2016). In Chile, the best database of active faults (Laveanu, 

2000), prior to this study, shows 31 Quaternary active 
faults, two of which have known slip rates. 
 
Thus these recent examples outline the fact that we are 
currently learning a great deal about where active faults 
are (i.e. mapping and investigating), which is a primary 
input for seismic hazard models. 
 

 
Figure 1: Map showing faults (active and inactive) and ruptures 
from the 2016 Kaikoura Earthquake. Note that a number of the 
faults that ruptured were considered “inactive” prior to this 
rupture (after Hamling et al., 2017). Faults are from the New 
Zealand Active Fault Database. 
 
METHODS AND RESULTS 
 
In order to better explore the frequency and distribution of 
faults and active faults around the Pacific Rim, we selected 
three regions to compare and contrast; NZ, California, and 
Chile. We undertook a preliminary analysis where we 
compiled all faults, both active and inactive in each area, 
based on data available from GNS (NZ), The California 
Geological Survey (CGS), and the Ministry of Mining and 
Geology of Chile (SERNAGOMIN). For California, we took the 
CGS fault database (Jennings and Bryant, 2010; CGS, 2010) 
which is divided in to color-coded and designated into one of 
five categories: historic (red), Holocene (orange), late 
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Quaternary (Qt, green), undivided Quaternary (purple), and 
pre-Quaternary (black). For simplicity, we divided these 
classes into to Pre-Qt and Qt or younger faults. 
 
We also took each polyline from the data as a individual 
fault, directly from the digital Database (GIS). 
 
For NZ we used the New Zealand Active Fault Database (e.g. 
Langridge et al., 2016; GNS, 2017). Here we manually 
counted in the database each continuous line as a individual 
fault, as well as the active as the inactive ones. In Chile we 
used two databases, the Geological Map of Chile 
(Sernageomin, 2002) and the Lavenu et al. (2000) paper. For 
Chile, each fault was manually counted in the database. 
 
There are a number of uncertainties through the comparison 
of these different datasets from different sources (e.g. 
mapping scale, identification of fault segements/sections, 
and timeframe for which a fault is considered active), but 
even considering these uncertainties, this analysis provides 
new first-order insight into potential fault activity in two less-
well studied regions in comparison to perhaps the gold 
standard for fault mapping, California. Importantly as 
outlined by Langridge et al. (2016), the way different 
mapped scales portray faults across different databases is 
challenging, from individual lines (10's m) to generalised 
lines covering large areas. This variability in characterisation 
certainly has an impact in comparing these datasets, the 
results of which are tabulated in Table 1. 
 
By comparing all identified faults, we find that 71% of faults 
in California are potentially “active”, 24% of faults in New 
Zealand, and 5% of faults in Chile are considered “active”. 
Graphing these data provides important insight (Fig. 2), in 
particular when scaling the fault type versus size of the 
territory (based on km2 outlined in Table 1). 
 

 
Table 1: Table showing total faults, active faults, inactive faults, 
activity criteria and percentage of active faults from NZ, California, 
and Chile. Note that NZ has a much shorter time duration for the 
characterisation of active faults (<125 ka), and thus if faults were 
defined in a binary way, Quaternary or not, will thus greatly 
increase the number of active faults there. 

 
Figure 2: Pie charts showing the percentage of inactive and active 
faults in New Zealand, California, and Chile scaled relative to their 
surface area (from Table 1, with NZ being smallest and Chile being 
largest). Note that the tectonic rates in Chile (~ 8 cm/yr) are almost 
that of California (~ 4 cm/yr) and NZ (~3-4 cm/yr) combined. 

DISCUSSION 
 
More and more faults are being found globally (e.g. faults 
from the Canterbury Earthquake Sequence from 2010-
2012) in addition to faults that were previously deemed 
“inactive” now being put into the active camp based on 
new observations. As seen in Table 1 and Figure 2, in 
relative terms California, although not the largest territory 
by surface area, has 5 times the number of mapped faults 
as Chile and 25 times the number of faults of NZ. Variable 
definitions of “active” (i.e. <125 ka) for NZ, versus 
Quaternary in California and Chile, make a one to one 
comparison between these three difficult, because 
certainly the number of Quaternary active faults in NZ is 
higher than those active in the past 125 ka. Nevertheless 
this provides us with important insight. With the majority 
of mapped faults in California being considered active, this 
forces the following questions: A) Are the majority of faults 
in NZ and Chile also active in the Quaternary? And B) and 
thus are the number of active faults in Chile and NZ 
currently underestimated? 
 
We reiterate that the tectonic rates in Chile (~ 8 cm/yr) are 
almost that of California (~ 4 cm/yr) and NZ (~3-4 cm/yr) 
combined. If California has, a legal mandate to map active 
faults and a much larger population than NZ and Chile, 
both with much smaller populations, budgets, and number 
of earthquake geologists working on these problems, do 
NZ and Chile actually have many more active faults that 
should be considered as a rupture hazard and considered 
as seismic sources than are currently considered? It 
certainly appears to be the case. 
 
A simple solution to address this uncertainly, not only in NZ 
and Chile, but in other rapidly deforming regions globally 
is as follows. In tectonically active regions like NZ, 
California, and Chile, if there is a fault, perhaps it should be 
considered active until proven inactive. If the majority of 
faults in California are active in the Quaternary, then they 
likely will also be similar in NZ and Chile, which then would 
mean that the number of potentially active faults in NZ and 
Chile are currently greatly underestimated. 
 
The Alquist-Priolo Earthquake Fault Zoning Act in California 
(e.g. Hart and Bryant, 1999), the gold standard for active 
fault legislation globally, states that if minor faults are 
found within a mapped buffer zone near a known mapped 
active fault, then studies need to be undertaken in order 
to prove inactivity of these minor faults, in this case the 
lack of Holocene activity. In California, during seismic 
hazards analysis, potential unknown seismic sources are 
generally accounted for in the background seismicity - 
UCERF3 (Field et al., 2014) contains a maximum 
background magnitude of ~ Mw7.8 - a magnitude which 
accounts for most faults with unknown activity. This is 
excellent for a place like California with excellent mapping 
and decades of active fault mapping and investigations, 
however for places with lower resolution mapping and 
limited field investigations (e.g. some areas in NZ and much 
of Chile), perhaps adopting a guilty (active) until proven 
innocent first-order assessment would reduce uncertainty. 
Irrespective, for site-specific critical projects, most faults 
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are considered active until proven otherwise but for 
regional seismic hazard assessments, having the input of a 
fault database and then assuming that all of these faults 
are active will provide a conservative first order estimate 
of regional crustal seismic sources. 
 
A similar method could be applied to all faults over large 
areas (e.g. NZ or Chile) where if there is a mapped fault in 
an area, then we assume it is a potentially active 
(Quaternary), with rupture hazards and potentially a 
source of seismic hazard, until it is proven otherwise. This 
proposal would of course change greatly the mapping, and 
would have to be used with a number of caveats, but may 
also reduce the risk (by perhaps limiting development 
along, adjacent, and crossing these faults), and also 
provide insight into complex ruptures connecting known 
active faults that were not believed possible prior to the 
Kaikoura event (Hamling et al., 2017). 
 
Importantly, the best input for this new model of if a fault 
is present, then it is potentially active, would of course be 
mapping, which will be used to define locations and fault 
length. In places with limited mapping e.g. Chilean 
Patagonia, Westland, NZ and remote locations in the Sierra 
Nevada mountains California, additional mapping is 
required to define presence (or absence) of faults. If this 
were to be accepted as a means to better update regional 
seismic hazard models, then clearly the better the 
mapping, the better the models, and thus additional 
resources should be made available for basic mapping of 
structures (faults and folds). 
 
Ultimately, after this preliminary analysis, we can attempt 
a first order answer the question in the title. Perhaps it is 
better to consider all faults in tectonically active zones with 
limited mapping and fault investigations, guilty (active) 
until proven inactive (not guilty). If so, we should invest 
additional resources for improved basic mapping to best 
understand presence and distribution of Quaternary 
structures that are perhaps seismic sources in 
understudied regions. 
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Abstract: Slip on an offshore fault uplifted and tilted the Kaikoura Peninsula during the 2016 Kaikoura earthquake. Analysis of a 
2012, 1m Lidar DEM shows that the uplifted Kaikoura marine terraces have been progressively tilted in the same manner since 
120 ka. A Monte-Carlo analysis of tilt-age relationships, based on a model of listric faulting, and using published age data and 
Papuan and regional sea level curves, implies that slip rates have increased from 2.3 ± 1.3 mm/yr to 4.1 ± 1.2 mm/yr since c.60 
ka. Comparison of the elevation of young, uplifted beaches surrounding the peninsula, with a Late Holocene sea level curve, 
suggests three earthquake events (including 2016) over 3 kyr. The timing of the earthquakes implies lower Late Holocene slip 
rates, compared with post-60 ka slip rates; comparison of these events with paleoseismic records of the Marlborough Fault 
System is interpreted to suggest latest Holocene clustering of seismicity. 
 
Key words: Kaikoura Peninsula, marine terrace, slip rates, paleoseismic. 
 
 
INTRODUCTION 
 
The Kaikoura Peninsula (Fig. 1) lies at the southern terminus 
of the Hikurangi subduction margin, where plate boundary 
deformation is progressively transferred to the upper plate 
faults of the Marlborough Fault System (MFS) (Little and 
Jones 1998). The peninsula tilted toward the west during the 
2016 Kaikoura Earthquake, inferred to be the result of slip 
on a blind, shallow NW-dipping reverse fault (Clark et al. 
2017); similar tilting is recorded by uplifted Pleistocene 
marine terraces(Campbell et al. 2005, Ota et al. 1996) (Fig. 
2). Furthermore, the peninsula is fringed by Late Holocene 
beaches that have been interpreted to provide an uplift 
record over the last three millennia (Barrell 2015, McFadgen 
1987). However, the slip rate on the underlying fault, and its 
variability, is not well known. 
 
The Kaikoura Earthquake was exceedingly complex, 
involving a diverse range of fault types, with diverse slip 
rates, and across several tectonic domains (Clark et al. 
2017, Hamling et al. 2017, Stirling et al. 2017). Knuepfer 
(1992) suggested that the faults of the MFS display 
episodic variations in activity over 5 ky timescales, and 
faults such as the Wairau, Awatere, Clarence, Hope, 
Kekerengu, and Porters Pass Faults had exhibited reduced 
slip rates over the last 3-5 kyr. To understand how these 
faults interact over different temporal and spatial scales, it 
is necessary to understand variability in the slip rates and 
paleoseismicity of component faults, including the fault 
that uplifts the Kaikoura Peninsula, and to examine 
patterns in the regional paleoseismicity of the MFS. 
Therefore, this study asks (i) what are the Late Pleistocene 
slip rates on the Kaikoura Peninsula Fault; (ii) how do these 
slip rates compare with rates calculated  from uplifted 
Holocene beaches using the same geometry; and (iii) how 
do slip rate variations at the Kaikoura Peninsula relate to 
slip rate variability across the MFS. 

 

 
Figure 1: A) location of Kaikoura Peninsula relative to the Marlborough 
Fault System; Faults from NZ active faults database, and Stirling et al. 
(2017); b) Sketch map of the Kaikoura Peninsula, showing the 
distribution of Late Pleistocene terraces and Holocene beaches. 
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Abstract: Slip on an offshore fault uplifted and tilted the Kaikoura Peninsula during the 2016 Kaikoura earthquake. Analysis of a 
2012, 1m Lidar DEM shows that the uplifted Kaikoura marine terraces have been progressively tilted in the same manner since 
120 ka. A Monte-Carlo analysis of tilt-age relationships, based on a model of listric faulting, and using published age data and 
Papuan and regional sea level curves, implies that slip rates have increased from 2.3 ± 1.3 mm/yr to 4.1 ± 1.2 mm/yr since c.60 
ka. Comparison of the elevation of young, uplifted beaches surrounding the peninsula, with a Late Holocene sea level curve, 
suggests three earthquake events (including 2016) over 3 kyr. The timing of the earthquakes implies lower Late Holocene slip 
rates, compared with post-60 ka slip rates; comparison of these events with paleoseismic records of the Marlborough Fault 
System is interpreted to suggest latest Holocene clustering of seismicity. 
 
Key words: Kaikoura Peninsula, marine terrace, slip rates, paleoseismic. 
 
 
INTRODUCTION 
 
The Kaikoura Peninsula (Fig. 1) lies at the southern terminus 
of the Hikurangi subduction margin, where plate boundary 
deformation is progressively transferred to the upper plate 
faults of the Marlborough Fault System (MFS) (Little and 
Jones 1998). The peninsula tilted toward the west during the 
2016 Kaikoura Earthquake, inferred to be the result of slip 
on a blind, shallow NW-dipping reverse fault (Clark et al. 
2017); similar tilting is recorded by uplifted Pleistocene 
marine terraces(Campbell et al. 2005, Ota et al. 1996) (Fig. 
2). Furthermore, the peninsula is fringed by Late Holocene 
beaches that have been interpreted to provide an uplift 
record over the last three millennia (Barrell 2015, McFadgen 
1987). However, the slip rate on the underlying fault, and its 
variability, is not well known. 
 
The Kaikoura Earthquake was exceedingly complex, 
involving a diverse range of fault types, with diverse slip 
rates, and across several tectonic domains (Clark et al. 
2017, Hamling et al. 2017, Stirling et al. 2017). Knuepfer 
(1992) suggested that the faults of the MFS display 
episodic variations in activity over 5 ky timescales, and 
faults such as the Wairau, Awatere, Clarence, Hope, 
Kekerengu, and Porters Pass Faults had exhibited reduced 
slip rates over the last 3-5 kyr. To understand how these 
faults interact over different temporal and spatial scales, it 
is necessary to understand variability in the slip rates and 
paleoseismicity of component faults, including the fault 
that uplifts the Kaikoura Peninsula, and to examine 
patterns in the regional paleoseismicity of the MFS. 
Therefore, this study asks (i) what are the Late Pleistocene 
slip rates on the Kaikoura Peninsula Fault; (ii) how do these 
slip rates compare with rates calculated  from uplifted 
Holocene beaches using the same geometry; and (iii) how 
do slip rate variations at the Kaikoura Peninsula relate to 
slip rate variability across the MFS. 

 

 
Figure 1: A) location of Kaikoura Peninsula relative to the Marlborough 
Fault System; Faults from NZ active faults database, and Stirling et al. 
(2017); b) Sketch map of the Kaikoura Peninsula, showing the 
distribution of Late Pleistocene terraces and Holocene beaches. 
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Figure 2: 1m Lidar DEM showing correlation of terraces with new correlations labelled in red, and old correlations labelled in black. DEM provided 
by Environment Canterbury. 
 
METHODS 
 
These questions are addressed here using a 2012 1 m Lidar 
DEM, based on the interpretation that the progressive tilt 
at Kaikoura Peninsula records primarily the effects of slip 
on an underlying listric fault of a constant radius, similar to 
those that mark the shelf edge further north (Barnes and 
Audru 1999). The tilt and Lidar elevation-at-a-point of an 
individual strandline depends on the thickness of cover 
sediments (taken from Ota et al. 1996), the amount of slip, 
and the relative sea level (RSL) at which the terrace formed 
(Fig. 3). This analysis therefore searches for terrace-
highstand correlations that produce (i) close agreement of 
fault radius, and (ii) a close match of strandline elevation-
at-a-point using a common fault radius for all terraces. The 
age of the highest terrace was constrained to 110±20 ka 
based on the only existing amino-acid-racemization age 
(Ota et al. 1996). 
 

Figure 3: The elevation-at-a-point of a terrace rotating above a 
listric fault depends on the RSL at which it formed (compare solid 
and dashed lines) and the amount of slip on the underlying fault. 
 
The slip rates were determined by relating apparent-
strandline tilt and elevation, minus cover thickness, to the 
Papuan sea level curve (Lambeck and Chappell 2001), and 
to a regionally-derived sea level curve based on 
predominantly Southeast Australian data (Blakemore et al. 

2014, Hails et al. 1984, Murray-Wallace 2002), with some 
constraints from Banks Peninsula, south of Kaikoura 
(Shulmeister et al. 1999). The regional curve provided 
better results and the Papuan correlations are discussed 
little here, although the full rationale is presently in review 
elsewhere. Each of the inputs into this analysis has an 
associated error; these errors are accounted for in a 10,000 
iteration Monte Carlo simulation. All results are presented 
at 95% confidence interval. 
 
RESULTS 
 
The correlations of terraces along the peninsula are shown 
in Fig. 2. Four terraces are defined; a previously defined 
fifth terrace follows the strike of bedrock units that form 
resistant topography on the modern shore platform, and is 
not considered to be a terrace. The slip rates for all 
scenarios is shown in Fig. 4. The elevation and rotation of 
the four terraces is consistent with a 120-60 ka slip rate of 
2.31 ± 1.3 mm/yr, based on the preferred regional sea-
level history, followed by an increase to 4.1 ± 1.3 mm/yr 
since 60ka. 
 

Figure 4: Summary of slip rates estimated from different sea level 
correlation scenarios. Grey zone highlights the slip rate history 
implied by the regional sea level curve. Error bars show 95% 
confidence interval. 
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Figure 5: Oxcal model showing modelled McFadgen (1987) 
radiocarbon ages, with upper limits constrained by the 
establishment of whaling at Kaikoura in c.1840 CE. Beach 
stabilization 1 and 2 (blue) based on comparison of RSL change 
with Hayward et al.’s (2016) sea-level curve.  Earthquake events 
(red) do not relate to documented sea level falls. 
 
McFadgen (1987) dated several beaches and obtained 
uplift rates of >2 mm/yr over the latest Holocene. These 
rates (and Barrell’s 2015 review thereof) assumed a 
constant Late Holocene sea level, but Hayward et al. (2016) 
showed that sea level has fallen over several stages from a 
mid-Holocene highstand, and risen markedly over the 
industrial period.  Re-evaluation of McFadgen’s (1987) 
radiocarbon ages within an OxCal model (Fig. 5) and 
comparison with Hayward et al.’s sea level curve indicate 
that only the first and last beach forming events (1287 to 
356 BCE and 1687 to 1837 CE ) are consistent with 
earthquake uplift, while the other two beaches are 
consistent in terms of magnitude and timing with Late 
Holocene sea-level fall. The uplift rate implied by the 
interval between earthquakes 1 and 2 (Fig. 5) is 0.45 ± 0.16 
mm/yr, less than half the Late Pleistocene uplift rate of the 
peninsula. If the 0.8-1.0 m of uplift during the Kaikoura 
Earthquake (Clark et al. 2017) is also included, the uplift 
rate reaches 0.72 ± 0.17 mm/yr, which is still lower than 
the long-term rates and not consistent with the increased 
slip rate suggested by Pleistocene terrace uplift. 
 
DISCUSSION 
 
The paleoseismic interpretation in Fig. 6 implies two 
earthquakes within 500 years on the Kaikoura Peninsula 
Fault following a relatively quiescent period of ~2 kyr. 

Comparing this data with records from the rest of the MFS 
shows that several faults, including the Kekerengu and 
Hope faults, display similar patterns (Fig. 6), consistent 
with Knuepfer’s (1992) interpretation of a period of Late 
Holocene quiescence across much of the system. 
Episodicity or clustering of earthquakes is reported from 
both stable continental regions (Clark et al. 2012) and 
other plate boundaries (Dolan et al. 2007). Together with 
similar effects found in numerical models (Ben-Zion et al. 
1999), these patterns suggest that fault systems such as 
the MFS and associated faults may periodically host 
clusters of seismic events, including the largest events on 
the system, and otherwise display low moment release 
during small to moderate earthquakes. 
 

Figure 6: Compilation of regional paleoseismic ages for MFS faults, 
ordered from north to South. Greyed out area shows no-data. 
Interseismic periods are colour coded to highlight short (blue/green) 
versus longer (yellow/red) interseismic periods. Paleoseismic data 
from: 1 - Langridge et al. (2011); 2 – Clark et al. (2015); 3 – 
Zachariasen et al. (2006); 4 – Bartholomew et al. (2014); 5 - Mason 
et al. (2006); 6 - Van Dissen and Nicol (2009); 7 - Little et al. (2016); 
8 - Van Dissen et al. (2006); 9 - Khajavi et al. (2016);10 - Langridge et 
al. (2003); 11 - This study; 12 - Howard et al. (2005). 
 
CONCLUSION 
 
The Kaikoura Peninsula Fault has been uplifting and 
rotating the peninsula by slipping at rates that have 
increased from   2.3 ± 1.5 mm/yr to 4.1 ± 1.3 mm/yr since 
60 ka. The age and elevation of beach ridges around the 
peninsula suggest Late Holocene slip rates are around half 
of the long term rate. Most of the Late Holocene slip seems 
to have occurred during two events since ~1800 CE. This 
period coincides with short recurrence interval ruptures on 
the Hope and Kekerengu faults in the MFS. 
 
Acknowledgements: I thank Environment Canterbury for 
provision of the Lidar and Dr Nicola Litchfield for her review. Much 
of this work was originally started during a fixed term position at 
the University of Canterbury in 2014. 
 
 
REFERENCES 
 
Barnes, P. M., and J.-C. Audru (1999). Recognition of active strike-

slip faulting from high-resolution marine seismic reflection 
profiles: Eastern Marlborough fault system, New Zealand, 
Geological Society of America Bulletin 111 538-559. 

Barrell, D. (2015). General distribution and characteristics of active 
faults and folds in the Kaikoura District, North Canterbury, GNS 
Science Consultancy Report 2014/210. 



8TH INTERNATIONAL PATA DAYS 2017                           PROGRAMME111

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
Figure 5: Oxcal model showing modelled McFadgen (1987) 
radiocarbon ages, with upper limits constrained by the 
establishment of whaling at Kaikoura in c.1840 CE. Beach 
stabilization 1 and 2 (blue) based on comparison of RSL change 
with Hayward et al.’s (2016) sea-level curve.  Earthquake events 
(red) do not relate to documented sea level falls. 
 
McFadgen (1987) dated several beaches and obtained 
uplift rates of >2 mm/yr over the latest Holocene. These 
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constant Late Holocene sea level, but Hayward et al. (2016) 
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Abstract: In the northwestern Basin and Range of the western US, normal fault scarps line many of the range-fronts and pluvial 
lakes filled many of the valleys during the Pleistocene. Lake paleoshorelines provide a paleohorizontal datum from which to 
assess crustal deformation. Often these shorelines are capped by carbonate tufa. Detailed mapping of fault scarps and 
paleoshorelines along with radiocarbon geochronology provides insight into the distribution and timing of slip along faults, such 
as the Surprise Valley fault (SVF) in California and the Winter Rim fault system (WRF) in Oregon. Our analyses reveal that slip 
rates vary by as much as 4x along the length of the SVF over the last 25 ky, and that segments of the WRF that are optimally-
oriented for activation under the prevailing stress regime have accumulated twice as much offset as non-optimally-oriented 
segments.. Our results highlight significant spatio-temporal variability in slip rates. 
 
Key words: normal fault, Basin and Range, lidar, surface offset, slip rate 
 
 
INTRODUCTION 
 
The northwestern Basin and Range (NWBR) of south-central 
Oregon, northeastern California, and northwestern Nevada 
(Figure 1) is a low-strain rate extensional province (Kreemer et 
al., 2012). The region is tectonically active (Berg and Baker, 
1963; Bryant, 1990; Uhrhammer, 1991): though no large 
earthquakes have occurred historically,. Holocene and latest 
Pleistocene normal fault scarps line many of the range-fronts 
(Figure 1). Scarps are particularly prominent along the Surprise 
Valley fault and the Winter Rim fault system, with smaller-
offset, less continuous scarps along the Abert Rim, in the 
Warner Valley, and elsewhere (Figure 2). As a result of the 
semi-arid climate of the region, the scarps are well-preserved 

and easily mapped and measured using high-resolution 
topographic data. 
 
These normal fault-bound basins, while largely dry today, 
once hosted lakes that reached depths up to a few hundred 
meters. Throughout the Basin and Range, there is 
abundant evidence that valleys were filled with pluvial 
lakes approximately contemporaneous with glacial ages 
(e.g. Reheis et al., 2014, and references therein) (Figure 1). 
While Lake Bonneville and Lake Lahontan are the largest 
and best known of these lakes, most of the valleys in the 
NWBR also hosted lakes, including Lake Surprise (in 
Surprise Valley) and Lake Chewaucan in the Summer and 
Abert Lake basins (Figure 2). 

 
Figure 1: Map showing faults that have ruptured since 15 ka (USGS, 2006); extent of ice sheets during the Last Glacial Maximum in white, and 
the maximum extent of pluvial lakes in blue. Triangles indicate active volcanoes in the Cascades arc. Inset box indicates area shown in Figure 2.
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Figure 2: Map of a portion of the northwestern Basin and Range 
showing faults active in the last 15 ks (USGS, 2006). Pink lines 
indicate the locations of paleoseismic trenches mentioned in the 
text. Approximate extents of pluvial lakes shown in light blue, 
modern lakes in dark blue, and playas in tan. ARF—Ana River fault, 
TSF—Thousand Springs fault 
 
Lake levels fluctuated in response to climatic changes, 
leaving behind a record of their fluctuations in sets of 
paleoshorelines that rim the basins. Paleoshoreline 
features include wave-formed terraces as described by 
Adams and Wesnousky (1998), which are primarily 
erosional but can also include a thin lag deposit of gravel. 
A continuous shoreline feature is a paleohorizontal datum 
recording when the pluvial lake was at that particular 
elevation. Significant deviation from that datum implies 
deformation that has occurred since shoreline formation. 
 
Wave-formed terraces are commonly capped by carbonate 
tufas likely precipitated in the photic zone and record lake 
levels within a few meters of the lake surface (Felton et al., 
2006). Thus, radiocarbon dates on these tufas can be 

considered to record lake stillstands at those elevations. 
Precise elevations of the geomorphic features are 
determined and mapped using high-resolution 
topographic data. By obtaining ages for shorelines (ideally 
sets of shorelines) and comparing their elevations across 
major faults, we can calculate the amount and style of 
deformation since shoreline formation. 
 
We analyzed high-resolution lidar data along two major 
fault systems: the Surprise Valley fault in California and the 
Winter Rim fault system in Oregon, which provided a base 
for detailed mapping and topographic analysis of fault 
scarps, paleoshorelines, and Quaternary deposits. We also 
collected tufa samples for radiocarbon dating from target 
geomorphological features. Combining the detailed 
measurements and spatial distribution of surface offset 
with the deformation of paleoshorelines provides insight 
into how slip rates and deformation vary over time and 
space both within a basin and throughout the 
northwestern Basin and Range. 
 
DISCUSSION 
 
A previous trenching study along the Surprise Valley fault 
(Figure 2) reveals five surface-rupturing earthquakes in the 
last 20 ka, with the most recent earthquake occurring 1.2 
± 0.1 ka (Personius et al., 2009). In the Summer Lake basin, 
a trench along the E-W-oriented Slide Mountain segment 
of the Winter Rim fault system (Figure 2) may indicate 
three surface-rupturing events prior to 2130 ± 90 yr and 
most likely while the most recent pluvial Lake Chewaucan 
was present (Pezzopane, 1993). At the north end of the 
basin on the Ana River fault, several trenches (Figure 2) 
reveal three earthquakes since ca. 15 ka, but only four in 
the 70 ky prior (Langridge et al., 2001; Weldon et al., 2009). 
All of these investigations share similar conclusions: that 
slip rates and earthquake recurrence intervals along these 
faults have varied over the late Pleistocene and Holocene. 
 
In this study, we compared and calculated slip rates from 
two independent datasets in both Surprise Valley and the 
Summer Lake basin: (1) surface offsets across fault scarps 
measured through topographic profiles, and (2) elevation 
differences of sets of dated paleoshorelines on opposite 
sides of major faults. 
 
In Surprise Valley, detailed mapping of fault scarps built on 
the previous work of Hedel (1980, 1984) and Bryant (1990). 
The extremely high (0.5 m2) resolution of the lidar data 
allowed for identification of subtle scarps within the valley 
and more precise and detailed mapping than existed 
previously, not only of fault scarps, but of the Pleistocene 
and Quaternary units they cut. Mapping indicates that 
scarps occur along ~64 km of the SVF (Figure 3) in 
Quaternary units, including older and younger fan 
deposits, landslides, alluvium, colluvium, and Pleistocene 
fan deltas. We extracted 78 topographic profiles across 
fault scarps; surface offset across the scarp ranges from 
0.8–22.2 m (Figure 3). The smallest offsets (0.6–4.9 m) are 
preserved in active alluvial fans and are present along a 
length of ~42 km of the SVF (Figure 3); these scarps are 
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interpreted to record only the most recent event, which 
occurred 1.2 ± 0.1 ka. The measured offsets match well 
with estimated displacements of Personius et al. (2009) 
obtained through trenching. 
 

 
Figure 3: Slip rate distribution for SVF. N-S topographic profile along the 
Warner Range (brown), and Surprise Valley playa (tan). Elevation of 
Lake Surprise highstand at 1545 m (blue). Total offset of topographic 
profiles of SVF scarps (grey) and measured offset using paleoshoreline 
sets across the valley (black). Gray arrow: previously determined slip 
rate along the entire fault (Personius et al., 2009). Black arrows: slip 
rates calculated from paleoshoreline offsets. Green arrow:slip rate 
calculated from potential field modeling (Marion, 2016). 
 
Radiocarbon ages obtained on samples of tufa collected on 
paleoshoreline features record the transgression of Lake 
Surprise to a post-LGM highstand of ~185 m depth at 15.98 
± 0.19 ka. Samples also record a less complete regression 
sequence, with the youngest dated sample of 10 ka and a 
lake depth of ~80 m; the lake had receded to the modern 
playa by 6-8 ka (O’Connell and Inoway, 1994) 
 
Four out of five of the earthquakes whose timing were 
constrained by Personius et al. (2009) occurred after the 
youngest dated shoreline (<10 ka). Detailed mapping of 
shoreline elevations show that the heights between 
shorelines are consistent across the basin, even while the 
absolute elevation of sets of shorelines differs by as much 
as 13 m (Figure 3). We interpret that total elevation 
difference as the cumulative slip along the Surprise Valley 
fault since the most recent highstand. 
 
In combination, these data allow us to show that slip rates 
vary by as much as 4x along the length of the 90 km-long 
Surprise Valley fault system over the last 25 ky, with the 
highest slip rates and greatest offset in the center of the 
fault and tapering asymmetrically both to the north and to 
the south (Figure 3). 
 
In the Summer Lake basin, the Winter Rim fault system 
consists of two main segments (Figure 2). one trends NNW 
and is perpendicular to the nearly E-W extension direction as 
determined by structural analysis (Pezzopane and Weldon, 
1993; Treerotchananon, 2009) and earthquake focal 
mechanisms (Crider, 2001) and thus is optimally oriented to 
slip in the modern tectonic setting. The other trends WSW and 
is nearly parallel to the extension direction, and thus we might 
anticipate highly oblique slip along this segment. Given the 
difference in orientation of the two segments, we examined 
each somewhat independently. 
 
We extracted 30 topographic profiles along the ~30-km 
length of the more-optimally-oriented Winter Ridge 
segment and measured scarp heights range from 1.0–56.5 

m with an average height of 12.2 m. Excluding the highest 
value of 56.5 m, which is significantly higher than the next 
highest value of 35.7 m, the average scarp height is 10.7 m 
(Figure 4). On the oblique Slide Mountain segment, we 
extracted 23 profiles across multiple strands along a length 
of ~16 km, and measured scarp heights range from 1.2–
27.4 m with an average height of 6.0 m. Excluding the 27.4 
m measurement, the next highest value is 9.7 m and the 
average scarp height is 5.0 m (Figure 4). 
 
Our results indicate that the optimally-oriented segments 
of the Winter Rim fault system have accumulated twice as 
much offset as non-optimally-oriented segments (Figure 
4). The current estimate of the slip rate for the Winter Rim 
fault system (0.43 mm/yr) is based primarily on a 
paleoseismological study of the Slide Mountain segment —
the segment nearly parallel to the extension direction 
(Figure 2) (Pezzopane, 1993). Based on our surface offset 
measurements, we conclude that this slip rate could be an 
underestimate by a factor of two for the Winter Rim 
segment of the fault. 
 

 
Figure 4: Graph showing fault slip measured from surface offsets 
along fault scarps along the length of the Winter Rim fault system. 
The wide dashed line represents the change in orientation that 
marks the transition from the Winter Ridge segment (with a strike 
of approximately 350°) to the Slide Mountain segment (with a 
strike of approximately 270°). 
 
Lidar data and mapping also revealed the full extent of the 
Thousand Springs fault (Figure 2), a west-dipping normal fault 
antithetic to the Winter Rim segment. Nine topographic 
profiles across the best-constrained 8 km of the Thousand 
Springs fault yield a range of scarp heights from 0.9 m to 5.6 
m, with an average of 1.9 m (Figure 5). Two additional profiles 
near the southern end of the valley have scarp heights of 5.9 
m and 2.6 m; if these are part of a continuous Thousand 
Springs fault, the entire fault is as long as the Winter Rim 
segment (~30 km) and equally well-oriented to slip in the 
current stress regime. The hazard associated with slip on the 
Thousand Springs fault has not been assessed. 
 

 
Figure 5: Graph showing fault slip measured from surface offsets 
along the Thousand Springs fault. 
 
The paleoshorelines in Summer Lake are more challenging 
to interpret than those in Surprise Valley. The shorelines 
are less well-preserved, and our radiocarbon ages do not 
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interpreted to record only the most recent event, which 
occurred 1.2 ± 0.1 ka. The measured offsets match well 
with estimated displacements of Personius et al. (2009) 
obtained through trenching. 
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Warner Range (brown), and Surprise Valley playa (tan). Elevation of 
Lake Surprise highstand at 1545 m (blue). Total offset of topographic 
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rate along the entire fault (Personius et al., 2009). Black arrows: slip 
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calculated from potential field modeling (Marion, 2016). 
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vary by as much as 4x along the length of the 90 km-long 
Surprise Valley fault system over the last 25 ky, with the 
highest slip rates and greatest offset in the center of the 
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record a clean transgression and regression sequence as in 
Surprise Valley. Instead, a cluster of ages 13-14 ka mark the 
most recent highstand with a lake depth of about 90 m, 
with an older and higher highstand (lake depth ~140 m) 
between 26 and 30 ka. In addition, we were unable to 
match sets of shorelines across the basin, in large part due 
to the presence of massive landslides along the western 
margin (Badger and Watters, 2004). 
 
In both basins, we compared our lake-level hydrographs 
with published paleoseismic records. In both cases, it 
appears that earthquake frequency increased during the 
period of rapid lake-level regression (ca. 13–8 ka)—in other 
words, earthquakes occurred more frequently while the 
local stress regime was in rapid flux. This correlation is seen 
throughout the northwestern Basin and Range (Egger et al., 
in review). Recent modeling suggests that variations in slip 
rates of faults beneath and near Lake Bonneville and Lake 
Lahontan (Figure 1) were caused by changes in differential 
stress due to transgression and regression of the pluvial 
lakes (Hampel et al., 2010; Karow and Hampel, 2010). Our 
results suggest that similar processes may be operating even 
in lake basins much smaller than Bonneville. 
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Abstract: We document the spatial and temporal distribution of scarp erosion and burial over a 3.5-yr span following the 4 April, 
2010 Mw7.2 El Mayor-Cucapah (EMC) earthquake in northern Baja, Mexico, measuring topographic change from repeat, 
centimeter-scale terrestrial lidar scanning (TLS) surveys. Our analysis reveals emplacement mechanisms of common paleoseismic 
markers and informs the interpretation of discontinuous or eroded offset features. These observations capture the rapid timing 
of stratigraphic rupture markers, and show the varying preservation timescales for geomorphic offsets due to surface rupture. 
 
Key words: earthquake rupture, scarp erosion, drainage analysis, terrestrial lidar, high resolution topography 
 
 
INTRODUCTION 
 
On 4 April, 2010, at 15:40 local time (UTC -7), a MW7.2 
earthquake initiated on a SE-dipping normal fault in the 
northern Gulf of California rift, then propagated 
bilaterally along a network of oblique right-normal faults 
(Wei et al., 2011, Uchide et al., 2013). It ruptured 60 km 
southward along a fault buried beneath the thick 
sediments of the Colorado River Delta, and 70 km 
northward along a complex network of bedrock faults 
that overlie an east-dipping detachment fault which 
controls the whole system (Oskin et al., 2012; Fletcher et 
al., 2014; Teran et al., 2015; Fletcher et al., 2016). 
Extensive surface ruptures revealed a network of shallow 
faults that produced complex near-field deformation, 
accommodating region-scale oblique extension (Feltcher 
et al., 2014; Teran et al., 2015). This surface rupture was 
the first to be fully imaged before and after the event 
using high resolution topographic datasets, and thus 
provided a detailed view of the coseismic deformation 
field which has been used to inform our understanding of 
earthquake mechanics and regional crustal kinematics 
(Oskin et al., 2012; Fletcher et al., 2016; Barišin et al., 
2015; Zhou et al., 2016). 
 
In addition to the unprecedented insight into coseismic 
surface deformation, the EMC earthquake abruptly 
produced a step-function offset in the landscape, offering 
a rare chance to track geomorphic response to a simple, 
discrete perturbation (Arrowsmith et al., 1994). We have 
documented and analysed these changes using repeat 
ground-based topographic surveys of the ruptures (Gold 
et al., 2013). 
 

In the days after the earthquake we conducted ground-
based lidar surveys which targeted four distinct substrates 
of the rupture: bedrock, alluvial fanglomerate, fluvial sand, 
and aeolian silt, in order to capture the geometries of the 
scarps and their subsequent degradation in these different 
environments. 
 

 
Figure 1: Location & setting of the 4 April 2010 El Mayor-Cucapah 
earthquake. The event initiated with a MW6.8 normal-faulting sub-
event on a N-striking, E-dipping fault, and then propagated 
bilaterally for 100 km along a complex array of >6 oblique right-
normal faults embedded within the system of major right-lateral 
and extensional faults controlling the transition zone between the 
San Andreas transform system and the Gulf of California rift. 
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Figure 2: Overview map of scan sites described here; Map centered at 32.492°N 115.630°E and rotated 135° CW for display. Site 1—the uphill facing scarp 
on an alluvial fan—is shown in Figure 5, and Site 2—the hillslope scarp—is shown in Figure 4. Note difference in scan layout between the sub-horizontal, 
rough alluvial fan surface (left), and the oblique vantage of the bedrock hillslope site (right) which required far fewer scan setups to adequately capture. 
Basemap is 25-cm DEM & hillshade from post-earthquake airborne lidar survey. 

METHODS 
 
We collected TLS surveys 12 days, 1 year, and 3.5 years 
after the earthquake at four ~250 m-long reaches of the 
surface rupture. Initial ground-based lidar surveys, within 
two weeks of the earthquake, targeted four distinct 
substrates of the rupture. Fault geometry, fault zone 
width, and both geomorphic processes and rates are each 
expected to vary among these different lithologies. Both 
sites documented here (Figure 2) lie along a kilometer-long 
reach of the Borrego Fault, a steeply (89°) east-dipping 
oblique right-lateral/normal fault within the Cucapah 
range, containing the maximum measured offsets from 
this earthquake (3.44 m, Fletcher et al., 2014). 
 
Capturing localized erosion of a fault scarp requires 
extremely accurate collocation of sequential scans. Initially 
poor regional GPS coverage (during 2010 and 2011 scans) 
and coseismic backslip corrections by NOAA’s Horizontal 
Time-Dependent Positioning (HTDP) system resulted in 
relatively high errors (25-150 cm) among our GPS-
measured network of tiepoints at each site. To accurately 
collocate t-lidar point clouds from different years, we 
aligned later surveys with earlier ones using an iterative 
closest point (ICP) matching algorithm, and were inspected 
using LidarViewer in the 3D immersive visualization facility 
KeckCAVES (Gold et al., 2013; Kreylos et al., 2013). 
 
RESULTS AND DISCUSSION 
 
Site 2 – Downhill-facing Bedrock Scarp 
Our Site 2 (sites were named in the order chosen and 
surveyed; Gold et al., 2013) covers a 250-m reach of the 
Borrego fault where it runs along a steep bedrock hillslope 
marked in some places by paleoscarps in shallow alluvium and 
colluvium. Here the exposed free-face reveals ~20 cm of 
chemically weathered granitic grus overlying more intact 
granite which is in places exposed where a 5-cm thick sliver of 
fault gouge has been removed (Figure 3). Thus the substrate 
here is faulted granitic bedrock overlain by a shallow soil 
composed of the same local lithology, but weathered. 

 
Figure 3: Before-and-after photographs of an eroded reach of the 
Borrego fault captured in 2010 (above) and in 2013 (below). Note 
extensive vertical rilling of scarp free-face, and removal of striated 
gouge. Intense scarp-crest erosion is further enhanced by relative 
incompetence of weathered grus compared to bedrock below. 
 
Within the first year, extremely little erosion was 
documented, but sediment transport was sufficient to fill 
fault zone fissures. Narrow chutes were eroded where 
streams crossed downhill-facing scarps (Figure 3). The first 
year’s difference maps verify that common paleoseismic 
age brackets (fissure-fill deposits) are reliably formed 
within <1 year following an earthquake, even in this hyper-
arid environment. 
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During the second year, heavy rainstorms dramatically 
eroded the scarp (Figure 4). Here, the bedrock scarp has 
been pervasively eroded headward by >10 cm, and up to 2 
m, with higher rates of headward erosion in the upper ~20 
cm of soil than in the bedrock exposed in the free-face 
below. The free-face itself has been largely removed, with 
little of the striated gouge remaining. The original slip 
surface here is only preserved along a ~4 m reach of the fault 
adjacent to the largest drainage (Figure 4). Significantly, this 
portion of the bedrock scarp is oriented with a dip direction 
perpendicular to the local hillslope direction, protecting it 
from erosion. These TLS datasets document three modes of 
scarp erosion: 1) rapid (>1 m yr-1) headward retreat in active 
channels, 2) pervasive rilling and minor headward retreat 
along hillslope reaches, and 3) limited erosion, i.e., 
preservation, on channel margins, where hillslope aspect is 
parallel to fault strike. This counterintuitively suggests that 
channel margins may be the most likely places to preserve 
fault scarps on downhill-facing scarps. 
 

 
Figure 4: Oblique view of bedrock hillslope scarp point cloud, colored by 
ICP distance between 2011 and 2013 point clouds. Paleoseismic trench 
and spoils dominate the survey, but scarp crest degradation and 
deposition at the base are the main natural changes. Note absence of 
scarp-crest degradation adjacent to large channels, where scarp strike 
is parallel to hillslope direction, noted as “intact free-face”. 
 
Site 1 – Uphill-facing Alluvial Fan Scarp  
To the southeast of Site 2, a major channel drains westward 
through the range uplifted by the Borrego Fault, locally 
reversing the drainage direction across the fault (Figure 2). 
Here, a complex of abandoned alluvial fans surrounds the 
modern stream channel, which is a coarse sandy wash. The 
older among these exhibit a paleoscarp where the 2010 
rupture offsets them, but otherwise the modern rupture of 
the Borrego Fault is the only tectonic disruption, uplifting the 
downstream sides of these fans and downdropping their 
upstream reaches. 
 
On these uphill facing scarps, mass wasting was the dominant 
erosive mechanism, leading to highly asymmetrical scarp 
profiles. Localized blocks toppled from the upthrown side of 
the fault, but upon deposition on the downthrown side 
crumbled into diffuse mounds at the angle of repose and 
spread more evenly as a colluvial wedge. Sharp crests in 
broken desert pavement were softened mildly by minor 
diffusive processes, i.e., rainsplash. Where this uphill-facing 
scarp blocks active stream channels, height differencing 
reveals 20-70 cm of upstream aggradation by ponding and 
delta progradation, and 80 cm of downstream erosion due to 
overtopping of the scarp by floodwaters (Figure 5). 

Figure 5: Topographic difference map showing geomorphic 
changes to the arroyo dammed by the uphill-facing 2010 scarp. 
Underlying hillshade image is of 5-cm DEM from most recent (Nov. 
2013) t-lidar scans. Coordinates in UTM zone 11N. 
 
The uphill-facing scarps induce a major change to the 
hydrology and ecology of the site by impeding streamflow. 
Evidence of ponding upstream is ubiquitous, spurring 
growth of broad-leaved plants and drowning or burying 
desert shrubs. Although dry and caked with cracked mud 
upon our visit, various animal tracks and excavations 
attested to heavy use of this area as a source of water 
throughout and beyond its final days of evaporation. 
 
Downstream, the watershed is deprived of normal surface 
flows, and rare overtopping (after the stream has 
deposited its fine material upstream of the new natural 
dam) has resulted in the thorough scouring of the sand and 
gravel from above the bedrock strath, often undermining 
or carrying away vegetation from the channel. 
 
Significantly, deep channels have been incised parallel to 
the fault along the base of the scarp, especially where 
deflected streamflow crosses the knickpoints formed by 
abandoned terrace risers. Even the modest flows collected 
in the small watersheds atop an abandoned alluvial fan 
remnant are sufficient to incise into these risers where 
they intersect the fault. This situation is particularly 
problematic because this type of flow will preferentially 
erase horizontal piercing lines where they intersect the 
fault. Our documentation of this phenomenon presents a 
cautionary example of the processes that drive uncertainty 
in measuring horizontal riser offsets. 
 
CONCLUSION 
 
Documenting two intervals of geomorphic change in the 
immediate aftermath of a fault rupture highlights that 
erosive processes which are modeled diffusively over long 
timespans are highly temporally episodic and spatially 
heterogeneous in the short term—importantly, during the 
time span in which they operate at their highest rates. 
These observations guide predictions of fault scarp 
morphology and preservation potential, which may aid in 
identifying paleoseismic markers in the hunt for 
earthquakes elsewhere. 
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Abstract: Faults are not long, planar features rupturing an elastic half-space, but instead complex, messy and intersecting zones 
of damage and strain localization within heterogeneous lithosphere. At both large and small scales, fault displacement and 
interactions between faults will be influenced by the inherited crustal structure at greater depths. We demonstrate some of 
these effects using numerical models informed by fault structure in the South Island of New Zealand. We show how weak regions 
such as a subduction interface or lower crustal mylonite zone can help load stresses onto brittle faults in the upper crust. Such 
regions also play a role in the communication and static stress interactions between fault networks. Complex fault interactions 
can occur as a response to inherited lithospheric discontinuities within the basement and mid-crust. 
 
Key words: faults, strain, localization, lithosphere, geodynamic models. 
 
 
INTRODUCTION 
 
The recent Mw 7.8 Kaikōura earthquake in the South Island of 
New Zealand has highlighted the effects of complex 
interactions between multiple fault segments underlain by a 
strong lower crustal slab (Hamling et al., 2017; Stirling et al., 
2017). Yet even simpler fault systems - including the Alpine 
Fault along the west coast of the South Island of New Zealand 
– are subject to complex stress states (e.g., Upton et al, 2016; 
Ellis et al., 2006; 2017). Tectonic inheritance can exert an 
important control on the manner in which crust localizes, 
including the distribution of upper crustal faults, their style of 
deformation, and how stress is transferred between brittle 
upper crust and ductile lower crust (Ellis et al., 2006). 
 
The static stress changes following a major earthquake are 
generally estimated by computing the stress change from fault 
dislocation in an elastic half-space (King et al., 1994). While 
dynamic stress triggering may play an important role in an 
earthquake sequence such as the Kaikōura earthquake (e.g., 
Kaiser et al., 2017), a fault must also possess sufficient static 
stress to fail. The present-day stress magnitudes along 
hazardous faults in the South Island of New Zealand are poorly 
known. While faults are ultimately loaded by the far-field 
convergence between tectonic plates, they may also be locally 
loaded by stress perturbations from surrounding fault 
ruptures, and from slow ductile deformation in the underlying 
crust. Understanding the role of these different loading factors 
is critical for improvements to estimates of stress in the 
lithosphere and to synthetic seismicity models (e.g., Robinson 
& Benites, 1995; Pollitz, 2016). 
 
Here, we explore and review some of the fundamental effects 
that pre-existing structure has on stress loading of faults. We 
show that the degree of localization beneath a fault (e.g., from 
thermal weakening and/or development of mylonitic fabric) 
can have an important effect on the magnitude of stress 
loading between seismic events. 

STRESS CYCLING AROUND A FAULT- EFFECT OF LOWER 
CRUSTAL STRUCTURE 
 
The finite-element code SULEC (Buiter & Ellis, 2012) is used 
to model the stress cycling around a crustal fault. The 
numerical model setup is shown in Figure 1. Previous stress 
cycling models of this kind have been conducted using the 
Abaqus Standard finite element software (Ellis et al., 2004, 
2006; Nüchter & Ellis, 2010). 
 
The model domain is 150 km wide and 30 km deep and 
includes a “fault” that dips at 45° and extends from the 
surface (y=0) to the bottom of the domain (y=-30 km). The 
crust is prescribed an elasto-visco-plastic rheology, with a 
shear modulus G= 40 GPa, coefficient of internal friction 
0.75, cohesion 1 MPa, and ductile flow based on the 
dislocation creep quartzite flow-law from Hirth et al. 
(2001). Frictional plasticity obeys Coulomb yield when 
effective deviatoric stress reaches the yield stress. 
 
The fault is modelled as a thin (200 m wide) zone that, most 
of the time, has the same properties as surrounding crust 
(yellow line, Fig. 1). Its frictional strength is lowered every 
300 years to simulate the static effects of dynamic fault 
weakening during an earthquake, by changing the friction 
coefficient to 0.12 (from 0.75). This weakening is imposed all 
the way along the yellow line in Fig. 1 to the base of the 
crust. However, owing to the effects of ductile creep which 
relaxes stress at high temperatures, the fault only slips down 
to about 8-10 km (e.g., Ellis et al., 2006; Nüchter & Ellis, 
2010) (solid part of yellow line). In the intervening 300 years, 
the crust is loaded by applying a horizontal velocity of 1 cm 
yr-1 and an out-of-plane velocity of 3 cm yr-1 at the right-hand 
boundary, while the left-hand boundary is held fixed. A small 
flux of material (1/3 of the incoming flux at the side) is 
prescribed to leave the base as shown on Fig. 1. 
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Abstract: Faults are not long, planar features rupturing an elastic half-space, but instead complex, messy and intersecting zones 
of damage and strain localization within heterogeneous lithosphere. At both large and small scales, fault displacement and 
interactions between faults will be influenced by the inherited crustal structure at greater depths. We demonstrate some of 
these effects using numerical models informed by fault structure in the South Island of New Zealand. We show how weak regions 
such as a subduction interface or lower crustal mylonite zone can help load stresses onto brittle faults in the upper crust. Such 
regions also play a role in the communication and static stress interactions between fault networks. Complex fault interactions 
can occur as a response to inherited lithospheric discontinuities within the basement and mid-crust. 
 
Key words: faults, strain, localization, lithosphere, geodynamic models. 
 
 
INTRODUCTION 
 
The recent Mw 7.8 Kaikōura earthquake in the South Island of 
New Zealand has highlighted the effects of complex 
interactions between multiple fault segments underlain by a 
strong lower crustal slab (Hamling et al., 2017; Stirling et al., 
2017). Yet even simpler fault systems - including the Alpine 
Fault along the west coast of the South Island of New Zealand 
– are subject to complex stress states (e.g., Upton et al, 2016; 
Ellis et al., 2006; 2017). Tectonic inheritance can exert an 
important control on the manner in which crust localizes, 
including the distribution of upper crustal faults, their style of 
deformation, and how stress is transferred between brittle 
upper crust and ductile lower crust (Ellis et al., 2006). 
 
The static stress changes following a major earthquake are 
generally estimated by computing the stress change from fault 
dislocation in an elastic half-space (King et al., 1994). While 
dynamic stress triggering may play an important role in an 
earthquake sequence such as the Kaikōura earthquake (e.g., 
Kaiser et al., 2017), a fault must also possess sufficient static 
stress to fail. The present-day stress magnitudes along 
hazardous faults in the South Island of New Zealand are poorly 
known. While faults are ultimately loaded by the far-field 
convergence between tectonic plates, they may also be locally 
loaded by stress perturbations from surrounding fault 
ruptures, and from slow ductile deformation in the underlying 
crust. Understanding the role of these different loading factors 
is critical for improvements to estimates of stress in the 
lithosphere and to synthetic seismicity models (e.g., Robinson 
& Benites, 1995; Pollitz, 2016). 
 
Here, we explore and review some of the fundamental effects 
that pre-existing structure has on stress loading of faults. We 
show that the degree of localization beneath a fault (e.g., from 
thermal weakening and/or development of mylonitic fabric) 
can have an important effect on the magnitude of stress 
loading between seismic events. 

STRESS CYCLING AROUND A FAULT- EFFECT OF LOWER 
CRUSTAL STRUCTURE 
 
The finite-element code SULEC (Buiter & Ellis, 2012) is used 
to model the stress cycling around a crustal fault. The 
numerical model setup is shown in Figure 1. Previous stress 
cycling models of this kind have been conducted using the 
Abaqus Standard finite element software (Ellis et al., 2004, 
2006; Nüchter & Ellis, 2010). 
 
The model domain is 150 km wide and 30 km deep and 
includes a “fault” that dips at 45° and extends from the 
surface (y=0) to the bottom of the domain (y=-30 km). The 
crust is prescribed an elasto-visco-plastic rheology, with a 
shear modulus G= 40 GPa, coefficient of internal friction 
0.75, cohesion 1 MPa, and ductile flow based on the 
dislocation creep quartzite flow-law from Hirth et al. 
(2001). Frictional plasticity obeys Coulomb yield when 
effective deviatoric stress reaches the yield stress. 
 
The fault is modelled as a thin (200 m wide) zone that, most 
of the time, has the same properties as surrounding crust 
(yellow line, Fig. 1). Its frictional strength is lowered every 
300 years to simulate the static effects of dynamic fault 
weakening during an earthquake, by changing the friction 
coefficient to 0.12 (from 0.75). This weakening is imposed all 
the way along the yellow line in Fig. 1 to the base of the 
crust. However, owing to the effects of ductile creep which 
relaxes stress at high temperatures, the fault only slips down 
to about 8-10 km (e.g., Ellis et al., 2006; Nüchter & Ellis, 
2010) (solid part of yellow line). In the intervening 300 years, 
the crust is loaded by applying a horizontal velocity of 1 cm 
yr-1 and an out-of-plane velocity of 3 cm yr-1 at the right-hand 
boundary, while the left-hand boundary is held fixed. A small 
flux of material (1/3 of the incoming flux at the side) is 
prescribed to leave the base as shown on Fig. 1. 
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Figure 1. End of the setup phase (lasting 20 kyr) of a numerical model showing differential stress (colour contours) and temperature contours as 
indicated (dotted black line). The thin yellow line marks the location of the imposed “fault” weakening which has friction coefficient reduced to 
0.12 every 300 years, while the thick yellow line indicates location of steady-state brittle-ductile transition (BDTZ) as predicted by the model. 
Loading from the transpressive boundary conditions has allowed stress to build up in the mid-crust, while at greater depths, stresses have been 
relieved by ductile creep. The coloured boxes refer to locations plotted in Figure 2. 
 
The thermal conditions in the model were based on the 
inferred Alpine Fault temperature-depth profile from Cross 
et al. (2015). Away from the fault, we assumed a linear 
geothermal gradient with a bottom boundary temperature 
of 610°C at y=-30 km and 20°C at the surface. These 
conditions created a perturbed geothermal field in the 
vicinity of the fault as shown in Fig. 1. 
 
We first benchmarked the SULEC stress cycling technique 
against equivalent models previously published using the 
Abaqus software (Nüchter et al., 2010). We verified that 
slip amounts, stress changes, and strain-rates were similar. 
The model required an initial period in which stresses are 
“spun up” (Ellis et al., 2004; Hetland and Hager, 2006); i.e. 
the crust is elastically loaded by applying the boundary 
conditions, which imposes a net stress state of 
transpression. This “spin up” period was 10 kyr with the 
fault locked; 10 kyr with the fault slipping (friction 
coefficient lowered to 0.12); and 300 years with the fault 
locked, before imposing the first seismic step. We analyse 
stresses during a seismic step and subsequent interseismic 
step after 4 complete cycles, to ensure that the model has 
settled into a self-similar behaviour (e.g., Nüchter et al, 
2010) (Figure 2). 
 
The model shown in Fig. 1, 2 and 3a illustrates stress 
cycling of ~ 14 MPa in the uppermost crust near the fault, 
and greater than 30 MPa in the ductile lower crust- where 
the fault no longer ruptures, as it does not have sufficient 
stress surrounding it to drive fault slip (cf. Fig. 1). A large 
component of the stress cycling around the fault is driven 
by localized creeping beneath the fault, which loads the 
stresses around the brittle part of the fault during the 
interseismic period (Fig. 3c, blue shaded regions). In 
contrast, a model in which the geotherm is uniform with 
depth and is not perturbed below the fault experiences 
reduced stress cycling, and the brittle part of the fault, 
which slips during each seismic cycle, extends to greater 
depths (Fig. 3b). The change in loading mechanism can be 
clearly seen in Fig. 4. The case without thermal weakening 
along the fault (Fig. 4b) has only a small amount of lower 
crustal creep, so that fault is reloaded laterally after a 

seismic slip event, rather than from below. The uniform 
geotherm model experiences less than half as much stress 
drop and recovery in the upper crust in comparison to the 
localized creeping case (Fig. 3c) 
 

 

 
Figure 2. (a) Stress and (b) strain-rate cycling of the numerical 
model at 4 different depths in crust near the fault as indicated on 
figure 1. Regular seismic cycles of 300 years duration are imposed 
by lowering fault strength for a short time. Note that dynamic 
stress effects (during the earthquake) are not included. In the 
uppermost (brittle) crust, a stress drop accompanies motion along 
the fault (300, 600, 900, 1200 years on x-axis, figure 2a), while at 
greater depths, stresses increase as lower crust is loaded by fault 
motion above it. Strain-rates in the mid and lower crust decay in a 
non-linear fashion with time after each seismic event. 
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Figure 3. (a) Contour plot of the stress change during a typical seismic 
step in the model where the brittle part of the fault releases stress in 
the upper crust and loads the lower (ductile) crust. The yellow line 
shows the part of the imposed fault plane that experiences brittle 
failure (this is self-determined in the model). (b) Contour plot of the 
seismic stress change for a model that is the same as (a) but does not 
have a perturbed geotherm. In this case, much less ductile weakening 
and localization is present beneath the fault. Stress cycling is reduced 
in both upper and lower crust. (c) The seismic (red) and interseismic 
(blue) stress changes along the fault plane for the case with an elevated 
geotherm beneath the fault. For comparison, the stress profiles for the 
case with a uniform geotherm (corresponding to Fig. 3b) are also 
shown (solid and dashed black lines representing seismic and 
interseismic stress changes, respectively). 
 
The comparison discussed above considers the effect of 
different amounts of localization in the ductile lower crust 
beneath a major fault. Weak ductile lower crust may also be 
reduced by subduction of a strong slab to depth. To test the 
effect that this has on ductile flow and stress reloading 
beneath a fault, we added a strong, brittle layer 
underthrusting the fault to the model with uniform 
geothermal gradient shown in Fig. 4b. This results in 
enhanced shearing along the top of the slab (Fig. 5), but only 
where ductile crust is present. The enhanced shearing at the 
top of the slab transfers deformation up-dip to a secondary 
(prescribed) fault that dips steeply to a depth of ca. 20 km. 

 
Figure 4. (a) Strain-rate in the middle of the interseismic period for the 
model shown in Fig. 1, 2, and 3a with a perturbed geotherm leading to 
ductile weakening below the brittle part of the fault plane. Localised 
strain accumulates beneath the brittle fault and above the lower tip of 
the brittle fault. (b) Strain-rate for the case with a uniform geotherm 
and less ductile weakening below the fault (Fig. 3b). 
 
DISCUSSION 
 
The model experiments are obviously simplified compared 
with stress cycling associated with earthquake sequences 
observed in the real world. Nevertheless, they do illustrate 
some basic features of a brittle fault embedded within a 
continental crustal layer which can creep at elevated 
temperatures, typically found at depths > 15-20 km. The 
model results suggest that faults underlain by thermally-
perturbed low-strength ductile shear zones (e.g., as found 
in a sheared and uplifting mylonites) build up stress faster 
and experience greater stress cycling over seismic 
timescales compared to faults that are underlain by more 
homogeneous ductile crust. They are loaded by creeping 
from below as well as laterally by far-field tectonics. 
 
A subducted slab can cut off ductile flow at depth, and 
concentrate flow instead along the top of the slab. This 
occurs whether or not the slab is overlain by a weak 
frictional interface, at depths where material is ductilely 
creeping rather than failing by brittle mechanics. The shear 
zone at the top of the slab can help transfer stress and 
deformation up-dip to secondary faults. 
 
Figures 3 and 4 helps illustrate how the weak ductile 
mylonite zone beneath the Alpine Fault helps to load it and 
allows stresses and strain-rates to cycle on seismic 
timescales. The relative contribution of lateral stress loading 
of a fault vs. loading from localized creeping at greater 
depths is an important factor to consider when prescribing 
tectonic loading of faults in synthetic seismicity models. 
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shown (solid and dashed black lines representing seismic and 
interseismic stress changes, respectively). 
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different amounts of localization in the ductile lower crust 
beneath a major fault. Weak ductile lower crust may also be 
reduced by subduction of a strong slab to depth. To test the 
effect that this has on ductile flow and stress reloading 
beneath a fault, we added a strong, brittle layer 
underthrusting the fault to the model with uniform 
geothermal gradient shown in Fig. 4b. This results in 
enhanced shearing along the top of the slab (Fig. 5), but only 
where ductile crust is present. The enhanced shearing at the 
top of the slab transfers deformation up-dip to a secondary 
(prescribed) fault that dips steeply to a depth of ca. 20 km. 

 
Figure 4. (a) Strain-rate in the middle of the interseismic period for the 
model shown in Fig. 1, 2, and 3a with a perturbed geotherm leading to 
ductile weakening below the brittle part of the fault plane. Localised 
strain accumulates beneath the brittle fault and above the lower tip of 
the brittle fault. (b) Strain-rate for the case with a uniform geotherm 
and less ductile weakening below the fault (Fig. 3b). 
 
DISCUSSION 
 
The model experiments are obviously simplified compared 
with stress cycling associated with earthquake sequences 
observed in the real world. Nevertheless, they do illustrate 
some basic features of a brittle fault embedded within a 
continental crustal layer which can creep at elevated 
temperatures, typically found at depths > 15-20 km. The 
model results suggest that faults underlain by thermally-
perturbed low-strength ductile shear zones (e.g., as found 
in a sheared and uplifting mylonites) build up stress faster 
and experience greater stress cycling over seismic 
timescales compared to faults that are underlain by more 
homogeneous ductile crust. They are loaded by creeping 
from below as well as laterally by far-field tectonics. 
 
A subducted slab can cut off ductile flow at depth, and 
concentrate flow instead along the top of the slab. This 
occurs whether or not the slab is overlain by a weak 
frictional interface, at depths where material is ductilely 
creeping rather than failing by brittle mechanics. The shear 
zone at the top of the slab can help transfer stress and 
deformation up-dip to secondary faults. 
 
Figures 3 and 4 helps illustrate how the weak ductile 
mylonite zone beneath the Alpine Fault helps to load it and 
allows stresses and strain-rates to cycle on seismic 
timescales. The relative contribution of lateral stress loading 
of a fault vs. loading from localized creeping at greater 
depths is an important factor to consider when prescribing 
tectonic loading of faults in synthetic seismicity models. 
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Figure 5. Strain-rate for a model that includes a strong, brittle wedge representing a subducting slab, which prevents ductile flow near the base 
of the crust. A secondary fault is also imposed with a low coefficient of friction, although this fault remains unlocked during the seismic cycle of 
the main fault (yellow dipping line). 
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Abstract: A reliable chronology is mandatory to reconstruct the timing of earthquakes of the past. Luminescence dating has 
significantly improved over the past 15 years and proved to be a useful tool to determine reliable deposition ages of terrestrial 
sediments for the time span ranging from a few years to several hundred thousand years. Furthermore, luminescence dating is 
the method of choice when organic matter is not available for radiocarbon dating or extending the dating limit of the latter 
method. In this presentation we will give a state of the art of optical stimulated luminescence dating and its application in 
relation to Late Quaternary earthquakes, especially in the Lower Rhine Valley in NW Europe including the Bree fault Scarp and 
the Peel Boundary Fault in Belgium and the Netherlands, respectively. We revisited previous study sites Vanneste et al. 2001; 
Frechen et al. 2001; Frechen & van den berg 2002) to study and improve the precision and timing of the Late glacial and/or 
Holocene earthquake events by applying quartz OSL and thus avoiding the problems of anomalous fading and minimizing the 
problem of insufficient bleaching n those latter studies. 
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Abstract: NW Argentina is part of the Central Andes, an active subduction orogen enhancing reactivation of older structures and 
growth of new ones. The seismic record (historical and instrumental) shows frequent shallow crustal events including destructive 
ones, giving to the region the status of high seismic risk. In this paper, I provide an updated synthesis on the characterization of 
Quaternary structures found in the middle-eastern portion of Cordillera Oriental geological province. Some growth folds and fault 
scarps show evidence of Upper Pleistocene to Holocene activity and moderate deformation rates. These facts remark the strategic 
necessity of improving the investigation on Quaternary deformation in order to get extra tools for the seismic hazard assessment of 
this densely populated region. 
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INTRODUCTION 
 
Tectonic setting 
The Cordillera Oriental is part of the retrowedge of the Central 
Andes (Fig. 1a). It can be described as a thick-skinned fold and 
thrust belt characterized by N-S to NNE thrust sheets 
exhuming the basement of the region (Mon & Salfity, 1995; 
Monaldi et al., 1996; Carrera & Muñoz, 2008). The analysis of 
growth strata and cooling ages in apatites have determining 
the onset of the compressive deformation in its W border as 
late Eocene (Carrapa et al., 2011; Pearson et al., 2013; del Papa 
et al., 2013). Thermochronological analysis on synorogenic 
deposits preserved between the thrust sheets allow to some 
Authors to propose a progressive propagation of the 
deformation towards the foreland (Carrapa et al., 2011). 
Recently, Pearson et al. (2013) presented AHe cooling ages for 
the basement cores that indicate more complex migration 
patterns, with fast pulses of propagation towards the foreland 
followed by events of backthrusting towards the hinterland. 
García et al. (2013a) reached similar conclusions by analysing 
the stratigraphy and neotectonics of the N sector of the Lerma 
valley (Fig. 1a). These complex patterns are variable along 
different segments of the orogen and could be partially 
controlled by reactivation of previous structures (normal 
faults/previous heterogeneities). Regarding the traces of 
Quaternary deformation, they are not concentrated in a single 
orogenic front, rather are distributed (as the shallow crustal 
seismicity) along more than 200 km wide region, supporting 
the hypothesis of complex patterns of neotectonic activity 
(Fig. 1a). 
 
Stratigraphic synthesis 
The stratigraphy of the neotectonic basement can be 
divided in four sequences: 1) Late Proterozoic to Early 

Cambrian low grade metamorphic rocks of the 
Puncoviscana Formation (Turner & Mon, 1979); 2) Early 
Paleozoic marine sedimentary rocks (Turner & Mon, 1979); 
3) Cretaceous-Paleogene continental strata with 
conglomerates, sandstones, mudstones and limestones of 
the Salta Group rift sequence (Marquillas et al., 2005); and 
4) synorogenic Neogene to early Pleistocene strata 
composed of reddish sandstones and mudstones, and 
brownish conglomerates interbedded with mudstones of 
the Guanaco and Piquete Formations respectively 
(Gebhard et al., 1974). The Quaternary deposits are mainly 
composed by alluvial coarse conglomerates and 
fanglomerates and terraced fluvial conglomerates and 
sandstones. In many sectors, these deposits 
unconformably overlain the upper section of the 
synorogenic deposits. Fluvial terraces of the easternmost 
valleys of Cordillera Oriental (Lerma and Humahuaca 
valleys) were dated by several researchers using OSL and 
CRN. The obtained ages range between 35 and 118 ka, 
(Robinson et al., 2005; García et al., 2013b; Schlidgen et al., 
2016). 
 
Seismicity 
The historical record of seismicity in the region starts with 
the Esteco earthquake in 1692 (MMI=IX, 13 fatalities). 
Other important events were the following: Salta 1844 
(MMI=VII); Jujuy 1863 (MMI=VIII); Orán 1871 (MMI=VIII); 
Salta-Bolivia 1887 (MMI=IX); Salta 1908 (MMI=VII); La 
Poma 1930 (MMI=VIII); Salta 1948 (MMI=IX); Salta 1959 
(MMI=VIII); Jujuy 1973 (MMI=VII). Shallow earthquakes 
with magnitudes close to 6 hit NW Argentina in the last 
years, some causing material damage and fatalities 
(Campo Quijano 2010, M=6.1 and El Galpón 2015, M=5.9) 
(INPRES, 2017). 
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Abstract: NW Argentina is part of the Central Andes, an active subduction orogen enhancing reactivation of older structures and 
growth of new ones. The seismic record (historical and instrumental) shows frequent shallow crustal events including destructive 
ones, giving to the region the status of high seismic risk. In this paper, I provide an updated synthesis on the characterization of 
Quaternary structures found in the middle-eastern portion of Cordillera Oriental geological province. Some growth folds and fault 
scarps show evidence of Upper Pleistocene to Holocene activity and moderate deformation rates. These facts remark the strategic 
necessity of improving the investigation on Quaternary deformation in order to get extra tools for the seismic hazard assessment of 
this densely populated region. 
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INTRODUCTION 
 
Tectonic setting 
The Cordillera Oriental is part of the retrowedge of the Central 
Andes (Fig. 1a). It can be described as a thick-skinned fold and 
thrust belt characterized by N-S to NNE thrust sheets 
exhuming the basement of the region (Mon & Salfity, 1995; 
Monaldi et al., 1996; Carrera & Muñoz, 2008). The analysis of 
growth strata and cooling ages in apatites have determining 
the onset of the compressive deformation in its W border as 
late Eocene (Carrapa et al., 2011; Pearson et al., 2013; del Papa 
et al., 2013). Thermochronological analysis on synorogenic 
deposits preserved between the thrust sheets allow to some 
Authors to propose a progressive propagation of the 
deformation towards the foreland (Carrapa et al., 2011). 
Recently, Pearson et al. (2013) presented AHe cooling ages for 
the basement cores that indicate more complex migration 
patterns, with fast pulses of propagation towards the foreland 
followed by events of backthrusting towards the hinterland. 
García et al. (2013a) reached similar conclusions by analysing 
the stratigraphy and neotectonics of the N sector of the Lerma 
valley (Fig. 1a). These complex patterns are variable along 
different segments of the orogen and could be partially 
controlled by reactivation of previous structures (normal 
faults/previous heterogeneities). Regarding the traces of 
Quaternary deformation, they are not concentrated in a single 
orogenic front, rather are distributed (as the shallow crustal 
seismicity) along more than 200 km wide region, supporting 
the hypothesis of complex patterns of neotectonic activity 
(Fig. 1a). 
 
Stratigraphic synthesis 
The stratigraphy of the neotectonic basement can be 
divided in four sequences: 1) Late Proterozoic to Early 

Cambrian low grade metamorphic rocks of the 
Puncoviscana Formation (Turner & Mon, 1979); 2) Early 
Paleozoic marine sedimentary rocks (Turner & Mon, 1979); 
3) Cretaceous-Paleogene continental strata with 
conglomerates, sandstones, mudstones and limestones of 
the Salta Group rift sequence (Marquillas et al., 2005); and 
4) synorogenic Neogene to early Pleistocene strata 
composed of reddish sandstones and mudstones, and 
brownish conglomerates interbedded with mudstones of 
the Guanaco and Piquete Formations respectively 
(Gebhard et al., 1974). The Quaternary deposits are mainly 
composed by alluvial coarse conglomerates and 
fanglomerates and terraced fluvial conglomerates and 
sandstones. In many sectors, these deposits 
unconformably overlain the upper section of the 
synorogenic deposits. Fluvial terraces of the easternmost 
valleys of Cordillera Oriental (Lerma and Humahuaca 
valleys) were dated by several researchers using OSL and 
CRN. The obtained ages range between 35 and 118 ka, 
(Robinson et al., 2005; García et al., 2013b; Schlidgen et al., 
2016). 
 
Seismicity 
The historical record of seismicity in the region starts with 
the Esteco earthquake in 1692 (MMI=IX, 13 fatalities). 
Other important events were the following: Salta 1844 
(MMI=VII); Jujuy 1863 (MMI=VIII); Orán 1871 (MMI=VIII); 
Salta-Bolivia 1887 (MMI=IX); Salta 1908 (MMI=VII); La 
Poma 1930 (MMI=VIII); Salta 1948 (MMI=IX); Salta 1959 
(MMI=VIII); Jujuy 1973 (MMI=VII). Shallow earthquakes 
with magnitudes close to 6 hit NW Argentina in the last 
years, some causing material damage and fatalities 
(Campo Quijano 2010, M=6.1 and El Galpón 2015, M=5.9) 
(INPRES, 2017). 
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QUATERNARY STRUCTURES 
 
Due, in part, by these last events, the efforts to identify and 
characterize the Quaternary deformation of this region 
have been increased during the last decade. The 
characterization of the structures more studied of this 
segment of the Cordillera Oriental is presented in the next 
sections. 
 
Lomas de Medeiros 
These low relief hills are located in the northernmost part of 
the Lerma valley, in the NW extreme of Salta city, and 
represent the southern tip of the structural trend of the 
Vaqueros-La Caldera ranges (Fig. 1b). Scarce outcrops of the 
Piquete Formation appears in some deep creeks and along the 
Vaqueros river, always unconformably overlain by fluvial 
conglomerates of middle to late Pleistocene. The dips 
measured in this unit allow to reconstruct a N-S asymmetrical 
anticline with east vergence. The forelimb dips 60° E and the 
backlimb dips as much as 30° W. In the backlimb, the dips 
decreases progressively towards the western extreme of the 
fold (García et al., 2013a). A palinspastic reconstruction of the 
structure allows to model it as a fault-propagation fold with a 
blind thrust that dips 30° W and a decollement level located in 
the interface between the basement and the Neogene 
synorogenic deposits. The decreasing pattern of dips in the 
backlimb have been interpreted as evidence of syntectonic 
sedimentation in the upper section of the Piquete Formation 
since ca. 2-3 Ma (García et al., 2013a). 
 
The coarse conglomerates that unconformably cover the 
Piquete Formation are disposed in a series of six strath 
terraces no more than 10 m thick. The regional 
geomorphological correlation of these deposits indicates that 
they should had been formed between ca. 300 and 50 ka 
(Garcia et al., 2013a). Topographic profiles of the terraces 
projected transverse to the fold axis show that the terraces are 
folded and that the amplitude is progressively higher for the 
older ones. Uplift rates of up to 0.7 mm/a have been 
calculated for the last ca. 50 ka taking into account the 
estimated age for the younger terrace. 
 
Lomas de Carabajal 
The Lomas de Carabajal are a series of low hills of NW-SE 
trending and 10 km length located on the western border 
of the Lerma valley, close to the confluence between 
Rosario and Manzano rivers (Fig. 1b). As in Lomas de 
Medeiros, the Piquete Formation crops out occasionally in 
deep creeks and is unconformably overlain by fluvial 
conglomerates of middle to late Pleistocene age. Given the 
dips measured in Piquete Formation, García et al. (2013b) 
characterizes the structure as a series of subparallel and 
short wavelength (<1 km) N-S anticlines and synclines 
showing an en-echelon arrangement in a map view. 
 
Five strath terraces (T1-T5) has been identified in the SE 
extreme of the hills. These terraces are gently folded and 
composed by 5 to 15 m of fluvial coarse conglomerates of 
middle to late Pleistocene age. The oldest terrace could be 
as old as ca. 300 Ka following the applied criteria for Lomas 

de Medeiros. The T5 terrace level is particularly well 
exposed along the Manzano river creek that cuts the hills 
in the NW sector. The poorly stratified coarse 
conglomerates that crops out there allow to identified up 
to three gentle growth anticlines, whose amplitudes reach 
as much as 20 meters. A little hill (Loma de la Usina) is 
recognized a dozen hundred meters upstream Manzano 
river from the NW border of the Lomas de Carabajal (Fig. 
1b). It is conformed by the T5 materials, have 10 m of 
altitude relative to the riverbed and can be described as an 
NW-SE asymetric anticline with SW vergence, with several 
meter to centimeter scale reverse faults cutting and folding 
the poorly developed stratification. A silty bed of more 
than 50 centimeter thick has been dated in both sectors by 
OSL giving ages between 30,1 ± 2,1 ka and 39,8 ± 2,9 ka. 
Consequently, uplift rates ranging from 0.50 to 0.66 mm/a 
can be estimated for the T5 terrace taking into account the 
folds maximum structural relief of 20 meters (García et al., 
2013b). The youngest terrace over the Manzano river (T6) 
has rich organic matter sediment close to its top yielding 
14C (AMS) Holocene ages. A 2.5 meters high NW-SE scarp 
(SE continuation of Loma de la Usina structure) is 
disrupting this terrace indicating an moderate uplift rates 
for recent times (García et al. in preparation). A 
reactivation of the entire Lomas de Carabajal structure 
could trigger a Mw 6.3 event (Wells & Coppersmith, 1994). 
 
Sierra de Los Alisos 
Los Alisos range is located just to the south of San Salvador de 
Jujuy city, in the bajada of Eastern Cordillera. It comprises a 
series of low relief hills with NNW trend whose extension 
reach 20 km (Fig. 1b). The topographic relief do not exceed 
200 m and progressively decreases to the S. Miocene to early 
Pleistocene synorogenic strata crop outs in their hillslopes 
delineating a west verging asymmetrical fault-propagation 
fold. A tuff interbedded in the subvertical Piquete Formation 
at the frontal limb has been dated in 4.50 ± 0.13 Ma (U-Pb LA-
ICP-MS in zircons). Growth strata geometries are interpreted 
in the upper section of the same unit at the backlimb, 
indicating that the growing of the structure starts after ca. 4 
Ma. A blind fault dipping 30° ESE, with a decollement level 
located at the interface between the basement and the 
synorogenic strata, is interpreted as the responsible of the 
deformation (Garcia et al., 2017a). 
 
Middle to late Pleistocene conglomeratic alluvial and fluvial 
terraces unconformably overlain the synorogenic strata (T1-
T4). The relation between the oldest terrace (T1) and the 
synorogenic strata is particularly well preserved in the 
southernmost creek that cuts the hills. The ephemeral 
stream running there is disproportionately small comparing 
to the size of the valley and the big boulders that compose 
the T1 deposit. It allows to interpret that the Los Morados 
river had been the responsible of the generation of this creek 
and later it was diverted southward by the progressive 
growth of the anticline (Fig. 1b). The three younger terraces 
(T2-T4) are preserved at the northern extreme of the hills, 
where is San Salvador de Jujuy city. Topographic profiles of 
the terraces, following a transversal trend respect the fold 
axis, show that they are folded with the same structural 
pattern than the anticline. The amplitude is progressively 
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higher in the older terraces, reaching up to 61 meters in T1. 
Uplift rates of 0.20 mm/a for the last 300 ka and 0.48 mm/a 
for the last 50 ka are obtained by correlation of the terraces 
with the Lerma valley ones (T1 ~300 ka; T2 ~150 ka; T3 ~100 
ka; T4 ~50 ka). An earthquake of Mw ~6,5 could strike the 
region if the entire surface of the fault ruptures during an 
event (Wells & Coppersmith, 1994). 
 
DISCUSSION 
 
The Quaternary structures briefly described here are aligned 
along N-S wide valleys at around 65.5°W that correspond 
with main tectonic structures in the crust and where two big 
province capital cities are located. The slip rates derived 
from the deformation measured in geomorphological 
markers characterize this sector of the Cordillera Oriental as 
a region with moderate activity rate sensu Slemmons & De 
Polo (1986). In some cases, Holocene activity has been 
confirmed pushing the bar higher and challenging the efforts 
to better constrain the recent history of these potentially 
seismogenic structures. 
 
The existence of seismicity and evidence of Quaternary 
deformation toward both the E and the W highlights that 
there is not an unique orogenic front in this segment of the 
Central Andes rather it is distributed over a region more than 
200 km wide (García et al., 2017b). This pattern of 
deformation could be related both with subcritical orogenic 
wedge conditions and/or controlled by previous 
heterogeneities (Pearson et al., 2013). 
 
In this framework, the multiplicity of potential seismogenic 
sources in such a populated region (close to 2 MM 
inhabitants) and the lack of detailed studies aimed to 
establish their paleoseismological behavior, represents a 
challenge for the development of new and 
multidisciplinary approaches in order to improve the 
knowledge of the active tectonics in NW Argentina. 
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higher in the older terraces, reaching up to 61 meters in T1. 
Uplift rates of 0.20 mm/a for the last 300 ka and 0.48 mm/a 
for the last 50 ka are obtained by correlation of the terraces 
with the Lerma valley ones (T1 ~300 ka; T2 ~150 ka; T3 ~100 
ka; T4 ~50 ka). An earthquake of Mw ~6,5 could strike the 
region if the entire surface of the fault ruptures during an 
event (Wells & Coppersmith, 1994). 
 
DISCUSSION 
 
The Quaternary structures briefly described here are aligned 
along N-S wide valleys at around 65.5°W that correspond 
with main tectonic structures in the crust and where two big 
province capital cities are located. The slip rates derived 
from the deformation measured in geomorphological 
markers characterize this sector of the Cordillera Oriental as 
a region with moderate activity rate sensu Slemmons & De 
Polo (1986). In some cases, Holocene activity has been 
confirmed pushing the bar higher and challenging the efforts 
to better constrain the recent history of these potentially 
seismogenic structures. 
 
The existence of seismicity and evidence of Quaternary 
deformation toward both the E and the W highlights that 
there is not an unique orogenic front in this segment of the 
Central Andes rather it is distributed over a region more than 
200 km wide (García et al., 2017b). This pattern of 
deformation could be related both with subcritical orogenic 
wedge conditions and/or controlled by previous 
heterogeneities (Pearson et al., 2013). 
 
In this framework, the multiplicity of potential seismogenic 
sources in such a populated region (close to 2 MM 
inhabitants) and the lack of detailed studies aimed to 
establish their paleoseismological behavior, represents a 
challenge for the development of new and 
multidisciplinary approaches in order to improve the 
knowledge of the active tectonics in NW Argentina. 
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Figure 1: a) Location of the studied area in the framework of the geological provinces of NW Argentina. Quaternary structures and shallow 
seismicity are also indicated (modified from García et al., 2017b). b) Detailed location map with the Quaternary structures described in the text.



PROGRAMME                          8TH INTERNATIONAL PATA DAYS 2017130

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
 

Tectonic Geomorphology, Late Quaternary Slip Rate, and Paleoseismology of the Whittier Fault in 
Southern California 

 
Gath, Eldon (1), Gonzalez, Tania (1), Rockwell, Tom (2) 

 
(1)    Earth Consultants International, Santa Ana, California USA. gath@earthconsultants.com. 
(2)    San Diego State University, San Diego, California USA. 
 
 
Abstract: The 40-km long Whittier fault bounds the southern margin of the Puente Hills in the eastern Los Angeles Basin, right-
laterally deflecting all fault-crossing stream channels. This fault accommodates the westward extrusion of the basin due to the 
oblique northwesterly convergence of the Santa Ana Mountains with the north-vergent Puente Hills thrust, lying south of the 
San Gabriel Mountains. The Whittier fault began as a Miocene normal fault, but geomorphic reconstructions of the deformed 
fluvial system and dating of a suite of fill terraces indicates that it has reactivated as a right-lateral strike-slip fault. 3-D 
trenching of the fault within the Olinda oil field exposed seven late Quaternary alluvial channels, with increasing displacement 
with age from a main feeder channel. Three of the channel deposits were radiocarbon dated: one channel (10,600 BP) is 
displaced 11 m, another (14,700 BP) 18 m, and the oldest channel (17,700–19,000 BP), 27 m. These yield a minimum 
displacement rate of 1-1.5 mm/yr, as there is a second, geomorphically similar and parallel fault trace. If both strands transfer 
similar amounts of slip, as suggested by their geomorphology, then we estimate a dextral slip rate of 2.5-3.0 mm/yr for the 
entire Whittier fault zone. Stratigraphic relationships permitted the interpretation of at least five surface offsets between <10 
ka and >19 ka, yielding a recurrence interval of >2-2.5 ka. Studies about 3 and 8 km farther southeast constrained the MRE to 
between 1,400-2,200 BP, and the penultimate event to ~3,400 BP. Given that our results indicate the Whittier fault has one of 
the highest slip rates in the Los Angeles basin, and that it may have accumulated as much as 4-5 m of potential slip since its 
last surface rupture, it could be one of the most dangerous structures in the greater Los Angeles region. 
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INTRODUCTION 
 
The Whittier fault is a major structural element of the 
eastern Los Angeles basin that forms the 
northwesternmost 40-km-long segment of the Elsinore 
fault zone between the Santa Ana and San Gabriel rivers. As 
such, the Whittier fault is accommodating neotectonic 
strain from the Gulf of California transform system directly 
into the Los Angeles (LA) metropolitan area (Figure 1). The 
fault strikes about N70° W and dips from 65° to 80° to the 
northeast, forming a structural contact between the 
Miocene Puente Formation to the north, and the Plio-
Pleistocene Fernando and La Habra formations to the south 
(Durham and Yerkes, 1964; Yerkes, 1972; Tan et al., 1984). 
The north dip of the fault places older rocks structurally 
over younger rocks. This relationship, combined with the 
elevated Puente Hills to the north, has led many workers to 
assume that the Whittier fault has a large component of 
reverse slip (Bjorklund and Burke, 2002; Davis et al., 1989). 
The amount and sense of slip, however, has been the 
source of some controversy and is addressed in this paper. 
 
TECTONIC GEOMORPHOLOGY 
 
The geomorphology along the Whittier fault is profoundly 
indicative of right-lateral faulting. All major fault-crossing 
streams are right-laterally deflected where they cross the 
Whittier fault (Fig 2). Hill (1954) recognized that all of the 
deflections were oriented in a right lateral (RL) sense, not 
randomly left and right as would be expected from 
erosion alone, leading him to conclude that active 

tectonics was the most likely cause. The abundance of 
small offsets associated with small streams and canyons 
(Fig. 3) and larger displacements of the major canyons 
support a tectonic interpretation, as does the observation 
that the deflections are generally up the regional stream 
gradient. This leads to the conclusion that the 
predominant sense of slip on the Whittier fault during the 
late Quaternary has been RL strike-slip. 
 

 
Figure 1: Index map of eastern Los Angeles basin, showing the 
Whittier and Elsinore faults, and the Olinda oil field study site. 
 
As part of the tectonic geomorphic mapping, 130 stream 
deflections were measured directly from stereo aerial 
photographs, supplemented with field measurements 
(Fig. 4). The largest drainages (Tonner, Carbon, and La 
Mirada) have the greatest amount of right deflection at 
nearly 1700 meters. The major tributary canyons to the 
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Santa Ana River have all been deflected 400±50 meters, 
also in a right lateral sense. The smallest gully offsets 
observed were 4 and 8 meters (Fig. 3) but there are clear 
groupings of deflection amounts (Fig. 4). These 
deflections strongly correlate with drainage basin area; 
larger drainages are deflected more than smaller ones, a 
correlation that supports the tectonic interpretation for 
the channel deformations. 
 

 
Figure 2: Vertical DEM of the Puente Hills showing the 
pronounced deflections of the streams where they cross the 
Whittier fault (opposing red arrows). Right-lateral displacement 
by repeated earthquakes has offset every fault-crossing stream. 
Olinda Creek trenching site shown by red circle 
 

 
Figure 3: Photo from the Olinda Oil Field showing an 8-meter 
right-lateral offset of a small drainage swale (arrows). The fault 
location (dashed red line) was confirmed by trench excavations 
off both sides of the photo. 
 
 
 

SLIP RATE 
 
Two strands of the Whittier fault are well expressed in the 
landscape across the Olinda Oil Field in the eastern LA 
Basin. Both fault strands were exposed in stream bank 
cuts with the southern fault dipping to the north and the 
northern fault dipping to the south, forming a positive 
flower structure (Fig. 5). Both faults displayed reverse 
separation placing Miocene Puente Formation over late 
Pleistocene channel bank colluvium. 
 
A 3-D trenching pattern was employed to expose and 
measure laterally displaced channel deposits south of the 
fault. A total of 14 trenches were excavated, with ten of 
the trenches situated in a dense array oriented both 
parallel and normal to the fault (Fig. 6). The fault-parallel 
trenches were emplaced to intercept the margins of 
buried stream channels and obtain piercing lines across 
the fault, measured from the feeder channel margin on 
the north side of the fault. 
 
Many of the trenches were enlarged by hand to ensure 
continuity of the stratigraphy, and to minimize data loss 
from over-digging a trench. A Wild TC-2000 Total Station 
surveying system was used to map stratigraphic markers, 
major fault splays, and charcoal-sample collection locations 
within the three-3-D framework of the trench locations. 
 
Figure 6 shows thinly stratified alluvial sediments in 
apparent reverse contact with bedrock of the Puente 
Formation. The main trace of the southern fault 
contained a well-developed shear fabric between the 
bedrock and the alluvium. The alluvial sequence was 
divided into seven primary stratigraphic units (A-G) based 
on abrupt lithologic changes for the deeper units (E-G), 
and on intercalated alluvial and colluvial channel-margin 
wedges for the higher units (A-D). Most of the units 
contained chunks of detrital charcoal that were collected 
for radiocarbon dating. 
 

 

 
Figure 4: Sorted plot of measured stream deflections across the Whittier fault. 
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Figure 5: Olinda Creek paleoseismic trenching location showing 
some of the trenches that were excavated perpendicular to the 
fault to locate the fault and define the channel margin 
stratigraphy. Fault-parallel trenches were excavated later. The 
two strands of the fault (dashed red lines) form both sides of a 
positive flower structure. Blue arrows show the ±30 meter offset 
of Olinda Creek across the southern (left) fault trace, and the 
similar offset across the central (right) fault strand. Oil field 
operations straightened the stream channel. 
 
The channel margins south of the fault were defined by 
the intersection of the most westerly occurrence of 
channel sands and associated colluvial deposits of the 
channel wall slope. The closely spaced trenching pattern 
and the stratigraphic resolution allowed the margins to be 
defined within about 0.5 m. The four channel margins on 
the southwestern side of the fault (Units A, B, C, & D) 
served as piercing points to measure the amount of 
lateral slip across the fault (Fig. 7). Similar margins for 
Units E, F, and G exceeded our westernmost trenching 
limits, but were constrained to 32-35 m by the Puente 
Formation outcrops (Fig. 7). 
 
The fluvial system is fed from a primary feeder channel on 
the north side of the fault and all channels are progressively 
offset to the west. Although channels B and C appear to be 
reversed downstream, they are in correct stratigraphic 
order at the fault. Measuring from the westernmost margin 
of the feeder channel, Channels A through D are 
progressively offset from 11.2±0.5 to 27±1 meters, with the 
error being 1/2 the width of the 1-m trench width. 
Although well constrained to the west the offsets are 

minimum values due to the uncertain position of the feeder 
channel at the time the displaced channels were active. 
 
Radiocarbon ages were obtained from three of the 
channel deposits (Table 1) and, along with the measured 
channel margin offsets, these ages were used to calculate 
slip rates. As these are all minimum offsets, we prefer the 
longer-term RL slip rate of 1.5 mm/yr for this southern 
strand of the fault. 
 

 
Figure 7: Map of Olinda Creek trenching site showing trenches, 
channel margins, and the Whittier fault. The system is fed from a 
primary feeder channel on the north side (top) of the fault and all 
channels are progressively offset to the west. North is to the top. 
 

 
Table 1: Summary of slip rate calculations for the three 
radiocarbon dated piercing-point channels. Age of Channel G 
deposits is estimated based on regional Pleistocene river incisions 
during the last glacial maximum. 
 
Due to its similar geomorphic expression, but somewhat 
smaller channel deflections, we infer that the northern 
strand of the fault has a similar although slightly lower slip 
rate, yielding a value of 2.5-3.0 mm/yr as the preferred 
late-Pleistocene slip rate for the Whittier fault. 

 
Figure 6: Composite photomosaic log of Trench 4 showing the alluvial stratigraphy of Olinda Creek in apparent reverse separation fault 
contact with the Puente Formation (right). The darker layers in the alluvium are colluvium, the lighter units are alluvium. 
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PALEOSEISMOLOGY 
 
Because the fault was bound by bedrock on the north side, 
events were impossible to discern at the main fault trace, but 
the upwardly flowering nature of the fault within the bedrock 
(Fig. 6) would imply multiple surface-rupturing events. The 
events that we were able to interpret involved smaller, 
secondary fault offsets, branching from the main fault into 
the alluvial sediments. Figure 7 shows two such minor faults 
that allowed us to interpret two separate events. 
 

 
Figure 7: Photo from Trench 4 showing two of the events 
interpreted within the alluvial stratigraphy. The three thin dark 
layers are charcoal-rich burn horizons. 
 
Event 1 branches from the main fault near the lower right 
corner of Figure 7. This rupture affects the alluvial 
deposits up to the prominent dark layer, which may be 
warped but is clearly not displaced; the fault does not 
propagate above it. Event 2 branches from the main fault 
higher in the section, truncates the dark layer overlying 
the earlier rupture and is in turn capped by a prominent 
sand layer just off the top of the photo. Table 2 provides a 
discussion of the event chronology. 
 
CONCLUSIONS 
 
Geomorphic strip mapping and 3D trenching of the 
Whittier fault have demonstrated that it is an active, 
right-lateral, strike-slip fault. All streams are right-laterally 
deflected where they cross the fault, and larger streams 
are deflected more than smaller streams. Three-
dimensional trenching of the fault in Olinda Creek has 
yielded a minimum late-Pleistocene slip rate of 1.5±0.1 
mm/yr on one of two geomorphically similar fault strands, 
for a preferred total rate of 2.5-3.0 mm/yr. Based on 
measured channel separations, the vertical component of 
offset is less than 10% of the horizontal. 
 
The paleoearthquake sequence is incompletely resolved, but 
appears to indicate a 1500-2000 year recurrence interval, 
implying large events with potentially 4+ meter 
displacements. The last event on the Whittier fault occurred 
between 2100 and 1600 BP (Patterson and Rockwell, 1993), 
so there is at least 4 meters of accumulated strain. From all 
the data collected, and our interpretation of them, we 
conclude that the Whittier fault is one of the most dangerous 
structures in the Los Angeles Basin. 

 

 
Table 2: Proposed chronology of earthquake events. Based strictly 
on the Olinda study, we interpret a minimum of five events in about 
10,000 years on the Whittier fault. The MRE and penultimate 
events come from two studies about 2 and 8 km, respectively, east 
of this Olinda site (Patterson and Rockwell, 1993). 
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Abstract: Holocene gravel deposits located in southwestern coastline in the Korean Peninsula occur on the Cretaceous basement 
2.5 to 3 m high above the mean water level. We analysed the sedimentological features of the gravel deposits using cm-scale 
stratigraphic logs as well as radiocarbon (AMS) analysis. We interpreted them as the Holocene beach deposits on the basis of 
seaward imbrication of disc-shaped clasts, clast-supported fabric, and abundance in rounded and well sorted gravels. The 
calibrated radiocarbon AMS age is estimated 2160±30 BP. According to previous researches, since the beginning of the Holocene, 
the sea level rose rapidly and reached the present sea level at 6 ka. Thus, occurrence of the raised Holocene deposits along the 
coastline can result from tectonic uplift following the deposition. Future research, such as collecting age data, finding tectonic 
signature, and interpretation of cause of tectonic uplift, are needed to strengthen the interpretation.  
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INTRODUCTION AND PHYSIOGRAPHIC SETTINGS 
 
The Korean Peninsula is located in the far eastern part of 
Eurasian Plate and is generally regarded as intraplate, 
stable tectonic settings. But, ENE compression induced by 
combined effects of subduction of the Pacific Plate and 
collision of the Indian Plate beneath the Eurasian Plate 
resulted in moderate earthquakes along the NE-SW 
trending, Quaternary faults (e.g. Yangsan, Ulsan faults) in 
the Korean Peninsula (Choi & Jeon, 2016 and references 
therein). In addition, uplift of the eastern part of the 
Korean Peninsula has given rise to a series of Quaternary 
marine terraces along the coastlines. In contrast to the 
eastern coastline, geomorphic and geologic features 
related with the tectonic uplift are rare along the western 
coastline. Recently, we have found and sedimentologically 
analysed the raised Holocene deposits. With combination 
of future analysis, such as detailed age dating and tectonic 
stress, this study will improve the understanding of 
tectonic uplift in western part of the Korean Peninsula. 
 
The study area is located in southwestern part of the 
Korean Peninsula, where numerous islands are scattered 
on the Yellow Sea (Fig. 1). Geologically, the study area is 
composed mostly of the Cretaceous volcanic rocks (e.g. 
tuff, rhyolite) that are underlain unconformably by the 
Jurassic granite and the Precambrian schist. The volcanic 
rocks are intruded by the Cretaceous granite porphyry with 
minor feldspar ad quartz porphyry (Fig. 1; Choi et al., 2016). 
The volcanic rocks are unconformably covered by the 
Quaternary aeolian sand dunes and alluvium (Fig. 1, Choi 
et al., 2016). By reclaiming land from sea, some 
neighboring islands are connected to each other. 
 
Coastlines of the study area are characterized by rocky 
coasts or cliffs that are commonly bounded on the seaward 
side by wave-cut platform and tidal flats. According to tidal 
records in the Mokpo station of Korea hydrographic and 
oceanography agency (KHOA), the tide is semidiurnal, and its 
range is mesotidal to macrotidal (Fig. 2; KHOA, 2017). Wave 

data are also recorded by three buoys of Korea metrological 
agency (KMA, 2010 to present) around the study area, and 
average significant wave height is < 0.5 m with periodicity of 
7s to 9s (Fig. 1; KMA, 2017). Although the wave height 
increases up to 2 m during winter season by northwesterly 
winds, the high wave only lasts one to two days. Also, even 
typhoon-induced, storm waves are not exceeded over 2 m 
during summer season (KMA, 2017). This is because the 
study area is partly exposed to open sea (Fig. 1). 
 
The Holocene deposits in the study area occur on the 
Cretaceous basement in the embayment of rocky coastlines or 
cliffs. The Holocene deposits are composed of gravels of tuff 
and rhyolite as well as feldspar porphyry. There is no available 
coarse-grained sediment source adjacent to the study area. 
The gravels are thought to originate from wave erosion of 
rocky coast and cliff, which is well consistent with identical 
composition of the gravels to the Cretaceous basement. 
 
SEDIMENTOLOGICAL FEATURES OF THE HOLOCENE 
DEPOSITS 
 
The Holocene deposits occur unconformably on the 
Cretaceous basements (Fig. 2). The interface between them is 
sharp and gently inclined seawards (1°). The Holocene 
deposits are composed of well bedded, subrounded to 
rounded gravels; however, shapes and size of the gravels are 
variable. Based on morphology and caliber of gravels and 
depositional features, including clast imbrication, grain 
supported fabric, and sorting degree, we classify the Holocene 
deposits into four units (Unit-1 to -4; Fig. 2). Unit-1 is made up 
of angular to rounded cobble to boulder clasts (Fig 3a). The 
clasts show coarse-tail normal grading and clast-supported 
fabric (Fig. 2). Spherical and rod-shaped pebbles are also found 
in the voids. Unit-2 is composed mostly of pebble to cobble 
sized, spherical and rod-shaped clasts (Fig. 3b). Some blade- 
shaped clasts are found, and their a-b plane is inclined 
seaward (Fig. 3b). Unit-2 shows clast-supported fabric, and the 
voids infilled with well sorted very coarse sand with fine 
pebbles (Fig. 2). Near the boundary with the overlying pebbles 
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Abstract: Holocene gravel deposits located in southwestern coastline in the Korean Peninsula occur on the Cretaceous basement 
2.5 to 3 m high above the mean water level. We analysed the sedimentological features of the gravel deposits using cm-scale 
stratigraphic logs as well as radiocarbon (AMS) analysis. We interpreted them as the Holocene beach deposits on the basis of 
seaward imbrication of disc-shaped clasts, clast-supported fabric, and abundance in rounded and well sorted gravels. The 
calibrated radiocarbon AMS age is estimated 2160±30 BP. According to previous researches, since the beginning of the Holocene, 
the sea level rose rapidly and reached the present sea level at 6 ka. Thus, occurrence of the raised Holocene deposits along the 
coastline can result from tectonic uplift following the deposition. Future research, such as collecting age data, finding tectonic 
signature, and interpretation of cause of tectonic uplift, are needed to strengthen the interpretation.  
 
Key words: Beach, Uplift, Sea level, Depositional  
 
 
INTRODUCTION AND PHYSIOGRAPHIC SETTINGS 
 
The Korean Peninsula is located in the far eastern part of 
Eurasian Plate and is generally regarded as intraplate, 
stable tectonic settings. But, ENE compression induced by 
combined effects of subduction of the Pacific Plate and 
collision of the Indian Plate beneath the Eurasian Plate 
resulted in moderate earthquakes along the NE-SW 
trending, Quaternary faults (e.g. Yangsan, Ulsan faults) in 
the Korean Peninsula (Choi & Jeon, 2016 and references 
therein). In addition, uplift of the eastern part of the 
Korean Peninsula has given rise to a series of Quaternary 
marine terraces along the coastlines. In contrast to the 
eastern coastline, geomorphic and geologic features 
related with the tectonic uplift are rare along the western 
coastline. Recently, we have found and sedimentologically 
analysed the raised Holocene deposits. With combination 
of future analysis, such as detailed age dating and tectonic 
stress, this study will improve the understanding of 
tectonic uplift in western part of the Korean Peninsula. 
 
The study area is located in southwestern part of the 
Korean Peninsula, where numerous islands are scattered 
on the Yellow Sea (Fig. 1). Geologically, the study area is 
composed mostly of the Cretaceous volcanic rocks (e.g. 
tuff, rhyolite) that are underlain unconformably by the 
Jurassic granite and the Precambrian schist. The volcanic 
rocks are intruded by the Cretaceous granite porphyry with 
minor feldspar ad quartz porphyry (Fig. 1; Choi et al., 2016). 
The volcanic rocks are unconformably covered by the 
Quaternary aeolian sand dunes and alluvium (Fig. 1, Choi 
et al., 2016). By reclaiming land from sea, some 
neighboring islands are connected to each other. 
 
Coastlines of the study area are characterized by rocky 
coasts or cliffs that are commonly bounded on the seaward 
side by wave-cut platform and tidal flats. According to tidal 
records in the Mokpo station of Korea hydrographic and 
oceanography agency (KHOA), the tide is semidiurnal, and its 
range is mesotidal to macrotidal (Fig. 2; KHOA, 2017). Wave 

data are also recorded by three buoys of Korea metrological 
agency (KMA, 2010 to present) around the study area, and 
average significant wave height is < 0.5 m with periodicity of 
7s to 9s (Fig. 1; KMA, 2017). Although the wave height 
increases up to 2 m during winter season by northwesterly 
winds, the high wave only lasts one to two days. Also, even 
typhoon-induced, storm waves are not exceeded over 2 m 
during summer season (KMA, 2017). This is because the 
study area is partly exposed to open sea (Fig. 1). 
 
The Holocene deposits in the study area occur on the 
Cretaceous basement in the embayment of rocky coastlines or 
cliffs. The Holocene deposits are composed of gravels of tuff 
and rhyolite as well as feldspar porphyry. There is no available 
coarse-grained sediment source adjacent to the study area. 
The gravels are thought to originate from wave erosion of 
rocky coast and cliff, which is well consistent with identical 
composition of the gravels to the Cretaceous basement. 
 
SEDIMENTOLOGICAL FEATURES OF THE HOLOCENE 
DEPOSITS 
 
The Holocene deposits occur unconformably on the 
Cretaceous basements (Fig. 2). The interface between them is 
sharp and gently inclined seawards (1°). The Holocene 
deposits are composed of well bedded, subrounded to 
rounded gravels; however, shapes and size of the gravels are 
variable. Based on morphology and caliber of gravels and 
depositional features, including clast imbrication, grain 
supported fabric, and sorting degree, we classify the Holocene 
deposits into four units (Unit-1 to -4; Fig. 2). Unit-1 is made up 
of angular to rounded cobble to boulder clasts (Fig 3a). The 
clasts show coarse-tail normal grading and clast-supported 
fabric (Fig. 2). Spherical and rod-shaped pebbles are also found 
in the voids. Unit-2 is composed mostly of pebble to cobble 
sized, spherical and rod-shaped clasts (Fig. 3b). Some blade- 
shaped clasts are found, and their a-b plane is inclined 
seaward (Fig. 3b). Unit-2 shows clast-supported fabric, and the 
voids infilled with well sorted very coarse sand with fine 
pebbles (Fig. 2). Near the boundary with the overlying pebbles 
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and cobbles (Unit-4) which is characterized by poor sorting 
and matrix(muddy sand)-supported fabric, the voids are filled 
with a muddy sand matrix. In YG-3, Unit-2 is interbedded with 
sand-rich layers, forming crude planar stratifications (Fig. 3c). 
 
Unit-3 occurs only in YG-1 and is intercalated with Unit-4 
(Fig. 2). Unit-2 is < 0.5 m thick and consists of moderately 
to well sorted pebble and cobble clasts (Figs 2 and 3d). The 
clasts are generally blade-shaped, and a-b plane of the 
clasts is plunged seaward (Fig. 4d). The clasts are 
framework-supported, and the space between the clasts is 

filled with muddy sand. In YG-1, internal erosional surfaces 
are developed (Fig. 3e). 
 
Unit-4 is laterally discontinuous and is dominated by angular 
to subangular pebble to cobble clasts, and some boulders 
are scattered (Fig. 2). The clasts are poorly sorted and 
disorganized, which is supported by muddy sand matrix. 
Plant fragments are abundant in the matrix (Fig. 3e). Unit-4 
is decimeters thick and is entirely massive. The carbonized 
plant fragments have been dated using radiocarbon (AMS) 
analysis, and calibrated age is 2160±30 BP. 

 

 
Figure 1. Geological map of the study area with tectonic outline in the fareast Eurasina Plate (inset) (Ppr: Precambrian, Jr: Jurassic, K:Cretaceous, 
Q: Quaternary). 
 

Figure 2. Stratigraphic logs of the Holocene deposits with tidal ranges recoded in the Mokpo tidal station.  
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Unit-1 to -3 of the Holocene deposits are interpreted herein 
as gravel beach deposits on the basis of seaward inclination 
of the blade-shaped pebble and cobble, framework- or clast-
supported fabric, and abundance in moderately to well 
sorted, rounded to subrounded clasts (Bluck, 1967, 1999; 
2011; Orford, 1977; Massari and Parea, 1988; Postma and 
Nemec, 1990; Hayes et al., 2010). The gently, seaward 
dipping interface between the Holocene deposits and the 
underlying basement is also inferred to form as a result of 
wave abrasion of the basement on intertidal to subtidal 
zone. This suggests accumulation of the gravel deposits on 
wave-cut platform (Bird, 2008). Unit-1 in the Holocene 
deposits is interpreted to be as lag deposits covering the 
wave-cut platform. The angular to subangular boulder clasts 
would derive from erosion from nearby rock cliff that fell on 
wave-cut platform. Their subangular edge is presumably due 
to low wave regime in the study area and/or insufficient 
time for abrasion, resulted fromsubsequent deposition of 
the overlying sediments. Spherical and rod-shaped pebbles 
and cobbles that interbedded with sand-rich layers of Unit-2 
resemble an infill zone of Bluck (1967). The plentiful of the 
spherical and rod-shaped clasts are attributed to their higher 
pivotability than that of disc-shaped clasts, hence easily 
reworked by returning waves during relatively long-lasting, 
fair weather conditions (Buscombe and Masselink, 2006; 
Hayes et al., 2010). The sand-rich layers in YG-3 correspond 
to sand runs. Seaward-dipping, framework-supported, disc-
shaped clasts indicate that Unit-3 is an imbricated disc-zone 
of Bluck (1967). The imbrication resulted from resistance of 
disc-shaped pebble and cobble clasts against backwash, and 
the framework-supported fabric is attributed to selective 
removal of fine-grained, spherical and rod-shaped particles 
(Bluck, 1967). Infilling of muddy sand in YG-1 is thought to 
be the products of infiltration of the matrix from the 
overlying Unit-4. The internal erosional surfaces are inferred 
to form by erosion by storm waves, followed by oblique 
deposition of disc-shaped clasts on the erosional surface 
(Massari and Parea, 1988). Poor sorting and abundant plant 
fragments suggest formation of Unit-4 without hydraulic 
wave segregation. The matrix supported fabric, lateral 
discontinuity, and massive features indicate that Unit-4 was 
deposited by en masse freezing of mass flows (e.g. debris 
flows or slumps; Nemec, 1990). The mass flows would result 
from slope instability of nearby mountains. 
 
Alternatively, it is plausible that the Holocene deposits are 
regarded as the modern highest storm berms or tsunami 
deposits. However, the highest storm berms are unlikely, 
because the Holocene deposits are vertically exposure on 
the basement, in excess of the angle of repose of the 
gravels (40-45°). Furthermore, the shapes and size of the 
Holocene deposits are differ from storm berms that are 
composed mainly of disc-shaped cobble without 
imbrication (a large disc zone of Bluck (1967)). Tsunami 
deposits are also implausible, since the Holocene deposits 
do not show depositional features of tsunamite, such as 
significant erosional surface, bidirectional imbrication 
(resulted from inflows and backflows), grading patterns, 
and organic-rich layers (Fujino et al., 2007). In addition, the 
Holocene deposits occur only along the modern coastlines 
and cannot be traced landwards beyond the coastlines. 

Figure 3. Photographs of the Holocene deposits in the study area. 
(a) Unit-1 composed of cobble and boulder frameworks on the 
Cretaceous basement. (b) Unit-2 made up of spherical and 
rounded clasts with seaward-imbricated, disc-shaped clsts 
(arrows). (c) Alternating layers of the gravel and sand-rich layer in 
Unit-2. (d) Seaward imbrication of the blade-shaped clasts in Unit-
3. (e) Internal erosional sufaces (dashed lines) in Unit-3. (f) Plant 
fragment with C14 dating results of Unit-3. 
 

 
Figure 4. Sea levle curve in the western coastline of the Korean 
Peninsula (after Lee & Chang, 2015). 
 
SHORELINE RETREAT? OR TECTONIC UPLIFT? 
 
Previous discussions suggest that the deposits are the 
Holocene beach deposits. The high stratigraphic position 
compared to modern shoreline resulted either from a drop 
of sea level or from uplift of shoreline. However, according 
to studies of the Holocene sea level curve (Lee & Chang, 
2015 and references therein), the sea level are raised rapidly 
(10 mm/yr) by marine transgression since the beginning of 
the Holocene. At 6Ka, the rates of the sea level rise 
decelerates as low as 1 mm/year and approximately reached 
the present sea level. Thus, the Holocene deposits can be 
formed by tectonic uplift, likewise raised marine terrace 
along the eastern coastlines of the Korean Peninsula. Future 
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Unit-1 to -3 of the Holocene deposits are interpreted herein 
as gravel beach deposits on the basis of seaward inclination 
of the blade-shaped pebble and cobble, framework- or clast-
supported fabric, and abundance in moderately to well 
sorted, rounded to subrounded clasts (Bluck, 1967, 1999; 
2011; Orford, 1977; Massari and Parea, 1988; Postma and 
Nemec, 1990; Hayes et al., 2010). The gently, seaward 
dipping interface between the Holocene deposits and the 
underlying basement is also inferred to form as a result of 
wave abrasion of the basement on intertidal to subtidal 
zone. This suggests accumulation of the gravel deposits on 
wave-cut platform (Bird, 2008). Unit-1 in the Holocene 
deposits is interpreted to be as lag deposits covering the 
wave-cut platform. The angular to subangular boulder clasts 
would derive from erosion from nearby rock cliff that fell on 
wave-cut platform. Their subangular edge is presumably due 
to low wave regime in the study area and/or insufficient 
time for abrasion, resulted fromsubsequent deposition of 
the overlying sediments. Spherical and rod-shaped pebbles 
and cobbles that interbedded with sand-rich layers of Unit-2 
resemble an infill zone of Bluck (1967). The plentiful of the 
spherical and rod-shaped clasts are attributed to their higher 
pivotability than that of disc-shaped clasts, hence easily 
reworked by returning waves during relatively long-lasting, 
fair weather conditions (Buscombe and Masselink, 2006; 
Hayes et al., 2010). The sand-rich layers in YG-3 correspond 
to sand runs. Seaward-dipping, framework-supported, disc-
shaped clasts indicate that Unit-3 is an imbricated disc-zone 
of Bluck (1967). The imbrication resulted from resistance of 
disc-shaped pebble and cobble clasts against backwash, and 
the framework-supported fabric is attributed to selective 
removal of fine-grained, spherical and rod-shaped particles 
(Bluck, 1967). Infilling of muddy sand in YG-1 is thought to 
be the products of infiltration of the matrix from the 
overlying Unit-4. The internal erosional surfaces are inferred 
to form by erosion by storm waves, followed by oblique 
deposition of disc-shaped clasts on the erosional surface 
(Massari and Parea, 1988). Poor sorting and abundant plant 
fragments suggest formation of Unit-4 without hydraulic 
wave segregation. The matrix supported fabric, lateral 
discontinuity, and massive features indicate that Unit-4 was 
deposited by en masse freezing of mass flows (e.g. debris 
flows or slumps; Nemec, 1990). The mass flows would result 
from slope instability of nearby mountains. 
 
Alternatively, it is plausible that the Holocene deposits are 
regarded as the modern highest storm berms or tsunami 
deposits. However, the highest storm berms are unlikely, 
because the Holocene deposits are vertically exposure on 
the basement, in excess of the angle of repose of the 
gravels (40-45°). Furthermore, the shapes and size of the 
Holocene deposits are differ from storm berms that are 
composed mainly of disc-shaped cobble without 
imbrication (a large disc zone of Bluck (1967)). Tsunami 
deposits are also implausible, since the Holocene deposits 
do not show depositional features of tsunamite, such as 
significant erosional surface, bidirectional imbrication 
(resulted from inflows and backflows), grading patterns, 
and organic-rich layers (Fujino et al., 2007). In addition, the 
Holocene deposits occur only along the modern coastlines 
and cannot be traced landwards beyond the coastlines. 

Figure 3. Photographs of the Holocene deposits in the study area. 
(a) Unit-1 composed of cobble and boulder frameworks on the 
Cretaceous basement. (b) Unit-2 made up of spherical and 
rounded clasts with seaward-imbricated, disc-shaped clsts 
(arrows). (c) Alternating layers of the gravel and sand-rich layer in 
Unit-2. (d) Seaward imbrication of the blade-shaped clasts in Unit-
3. (e) Internal erosional sufaces (dashed lines) in Unit-3. (f) Plant 
fragment with C14 dating results of Unit-3. 
 

 
Figure 4. Sea levle curve in the western coastline of the Korean 
Peninsula (after Lee & Chang, 2015). 
 
SHORELINE RETREAT? OR TECTONIC UPLIFT? 
 
Previous discussions suggest that the deposits are the 
Holocene beach deposits. The high stratigraphic position 
compared to modern shoreline resulted either from a drop 
of sea level or from uplift of shoreline. However, according 
to studies of the Holocene sea level curve (Lee & Chang, 
2015 and references therein), the sea level are raised rapidly 
(10 mm/yr) by marine transgression since the beginning of 
the Holocene. At 6Ka, the rates of the sea level rise 
decelerates as low as 1 mm/year and approximately reached 
the present sea level. Thus, the Holocene deposits can be 
formed by tectonic uplift, likewise raised marine terrace 
along the eastern coastlines of the Korean Peninsula. Future 
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researches, such as age dating, seismic data related to 
tectonic uplift, tectonic outline in the western coastlines as 
well as sedimentological features associated with ground 
motion (soft-sediment deformation structures) are 
necessary to reveal the tectonic motion in the southwestern 
part of the Korean Peninsula. 
 
Acknowledgements: This study is supported by a project “Research 
and Development of Active fault of Korea Peninsula (2017-MPSS31-
006)” funded by Ministry of the Interior and Safety. 
 
 
REFERENCES 
 
Bird, E., 2008. Coastal Geomorphology: an introduction. John 

Wiley & Sons, England, 411 p. 
Bluck, B.J., 1967. Sedimentation of beach gravels: examples from 

South Wales. J. Sediment. Petrol. 37, 128-156.  
Bluck, B.J., 1999. Clast assemblages, bed-forms and structure in 

gravel beaches. Trans. R. Soc. Edinb. Earth Sci. 89, 291-332. 
Bluck, B.J., 2011. Structure of gravel beaches and their relationship 

to tidal range. Sedimentology 58, 994-1006. 
Buscombe, D. & Masselink, G., 2006. Concepts in gravel beach 

dynamics. Earth Sci. Rev. 79, 33-52. 
Choi, K.H. & Seong, Y.B., 2014. The rock coast of Korea. In: Rock 

Coast Geomorphology: A Global Synthesis (Kennedy, D.M., 
Stephenson,W.J., Naylor, L.A. eds). The Geological Society, 
London, 203–224. 

Choi, S-J. & Jeon, S-S., 2016. Possibility of the Late Holocene uplift in 
the southeastern coast of Yeongil Bay, Korean Peninsula: Evidence 
from an exposed sea cave. J. Asian Earth Sci. 130, 256-264. 

Choi, S-J., Kim, Y. B., & Gihm, Y.S., 2016. Geologicl report of the 
Bungye, Jaeundo, Bigeumdo, and Gijwado Sheets, institute, 
Korea Institute of Geoscience and Mineralogy Resources 
(KIGAM). Daejeon, Korea. 

Fujino, S., Masuda, F., Tagomori, S., & Matsumoto, D., 2006. 
Structure and depositional processes of a gravelly tsunami 
deposit in a shallow marine setting: Lower Cretaceous Miyako 
Group, Japan. Sediment. Geol. 187, 127-138. 

Hayes, M.O., Michel, J., & Betenbaugh, D.V., 2010. The 
intermittently exposed, coarse-grained gravel beaches of 
Prince William Sound, Alaska: comparison with open ocean 
gravel beaches. J. Coast. Res. 26, 4–30. 

KHOA, 2017. 
http://www.khoa.go.kr/koofs/kor/webzine/bookstand.do?pu
b_type=1&paging=1, August, 8th, 2017 

KMA, 2017. 
https://data.kma.go.kr/data/sea/selectFargoBuoyRltmList.do?
pgmNo=55, August, 3rd, 2017. 

Lee, E. & Chang, 2015. Holocene Sea Level Changes in the Eastern 
Yellow Sea: A Brief Review using Proxy Records and 
Measurement Data. J. Korean. Earth Sci. Soc. 36, 520-532. 
(Korean with English abstract) 

Massari, F. & Parea, G.C., 1988. Progradation of gravel beach 
sequences in a moderateto high-energy, microtidal marine 
environment. Sedimentology 35, 881-913. 

Nemec, W., 1990. Aspect of sediment movement on step delta 
slope. In: Coarse Grained Deltas (Colella, A., Prior, D.B. eds). IAS 
Special Publication, Blackwell Science, Oxford, pp. 29-74. 

Orford, J.D., 1977. A proposed mechanism for storm beach 
sedimentation. Earth Surf. Process. Landf. 2, 381-400. 

Postma, G. & Nemec,W., 1990. Regressive and transgressive 
sequences in a raised Holocene gravelly beach, southwestern 
Crete. Sedimentology 37, 907-920. 

Saito, Y., Yang, Z., & Hori, K., 2001. The Huanghe (Yellow River) and 
Changjiang (Yangtze River) deltas: a review on their 
characteristics, evolution and sediment discharge during the 
Holocene. Geomorphology 41, 219-231. 

 
 



PROGRAMME                          8TH INTERNATIONAL PATA DAYS 2017138

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
 

Which sedimentary environment best preserves paleoliquefaction features? 
 

M. Giona Bucci (1), P. Almond (1), P. Villamor (2), M. Tuttle (3), M. Stringer (4), C. Smith (1), W. Ries (2), J. Bourgeois (5), R. Loame (6), 
J. Howarth (7), M. Watson (8) 

 
(1)    Lincoln University, Soil Science Department, P O Box 85084, Lincoln, Christchurch, New Zealand. peter.almond@lincoln.ac.nz  
(2)    GNS Science, P O Box 12345, Lower Hutt, New Zealand. 
(3)    M. Tuttle & Associates, PO Box 345, Georgetown, ME 04548 USA 
(4)    University of Canterbury, PO Box 4800, Christchurch 8140 New Zealand 
(5)    University of Washington, College of the environment 1492 NE Boat St., Seattle, WA 98105 
(6)    Waikato University, PO Box 3105, Hamilton 3240, New Zealand 
(7)    Victoria University of Wellington, School of Geography, Environment and Earth Sciences, New Zealand 
(8)    ScanTec, Geophysical Consultants, Ltd, PO Box 999, Whangarei, New Zealand 
 
 
Abstract: We investigated the sedimentary architecture of alluvial and coastal environments affected by the 2010-2011 
liquefaction events, with the aim of understanding why specific geomorphic elements are most prone to liquefaction. In the 
alluvial setting, we found that where liquefaction occurred, the inclined contacts of beds in the paleochannel and point bar 
deposits provided preferential flow paths for the liquefied material to travel to the surface. In the coastal dune environment, we 
found that since liquefaction source layers were close to the surface (<1 m) and the overlying soil is cohesionless, water escape 
during liquefaction caused fluidization and extreme disruption of the overlying soil profile. This makes investigation of 
paleoliquefaction features in the coastal setting particularly challenging. In contrast, the alluvial environment is the best setting 
for targeting paleoliquefaction features because the sediment characteristics, and regular sediment deposition provide for 
preservation and stratigraphic bracketing of paleoliquefaction features. 
 
Key words: liquefaction, paleoliquefaction, alluvial and coastal environment, fluidization, liquefaction source layer 
 
 
INTRODUCTION 
 
Evidence of paleoliquefaction features in the soil profile 
provides information about the occurrence of past 
earthquakes (Mw>5). Therefore, targeting sites that best 
preserve paleoliquefaction features is important for 
improving the paleoseismic record and better constraining 
seismic hazard assessments. Several studies have analysed 
the higher liquefaction susceptibility of alluvial, deltaic and 
coastal environments (e.g. Amick et al., 1990; Holzer et al., 
2010; Holzer, 1998; Tinsley et al., 1998; Tuttle, 1999; Youd 
and Hoose, 1977; Youd and Perkins, 1978; Ziony, 1985). 
Recently, in the aftermath of the Canterbury Earthquake 
Sequence (CES) many studies were undertaken to 
investigate the liquefaction susceptibility of the alluvial 
environment, since it was the setting most affected by 
liquefaction (Almond et al., 2012; Bastin et al., 2015; 
Brackley et al., 2012; Quigley et al., 2013; Townsend et al., 
2016; Villamor et al., 2016; 2014). In terms of prevalence 
of liquefaction, the alluvial environment was followed by 
the coastal setting which has only recently become the 
focus of detailed study (Giona Bucci et al., 2017a). 
Research interests related to the coastal setting of 
Christchurch have arisen also because some areas liquefied 
in all events, including the Valentine’s Day event, while 
others areas did not (CGD0200, 2013). The study of the 
liquefaction features in the coastal setting of Christchurch 
provides an opportunity to examine the contrasting 
sedimentary architecture between coastal and alluvial 
environments, in order to better understand the potential 
for preservation of paleoliquefaction features. Our 
conclusions highlight the different factors influencing 

liquefaction susceptibility, ground failure and formation of 
liquefaction features, and effects on soil stratigraphy in the 
two targeted environments. 
 
STUDY SITES AND METHODS 
 
In the coastal area of Christchurch, three sites were 
selected: Wainoni and QEII Parks in the urban area of 
Christchurch, and Featherston Avenue Reserve site, near 
Kaiapoi ~20 km north of Christchurch (Figure 1). In the 
alluvial setting, two sites were selected along the Halswell 
River floodplain (Figure 2, ~18 km southwest of 
Christchurch). The Hardwick and Marchand sites are 
characterized by a paleochannel buried by a crevasse splay 
and point bar deposits, respectively (Tuttle et al., 2017; 
Villamor et al., 2016). At all sites, we conducted a GPR 
survey (2D and/or 3D), excavated and logged trenches, 
retrieved hand piston cores and vibracores, collected grain 
size samples and organic material for dating. 
 
RESULTS AND DISCUSSION 
 
Style of liquefaction features 
In the alluvial environment we found that liquefaction 
ejecta appeared aligned along paleochannel edges (at 
Hardwick site) and along point bar deposits (at Marchand 
site) (Tuttle et al., 2017; Villamor et al., 2016). In contrast, 
the liquefaction features of the coastal setting appeared 
randomly scattered, with a rounded shape, and mainly 
associated with interdune depressions where the water 
table was especially shallow (Giona Bucci et al., 2017a). 
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Abstract: We investigated the sedimentary architecture of alluvial and coastal environments affected by the 2010-2011 
liquefaction events, with the aim of understanding why specific geomorphic elements are most prone to liquefaction. In the 
alluvial setting, we found that where liquefaction occurred, the inclined contacts of beds in the paleochannel and point bar 
deposits provided preferential flow paths for the liquefied material to travel to the surface. In the coastal dune environment, we 
found that since liquefaction source layers were close to the surface (<1 m) and the overlying soil is cohesionless, water escape 
during liquefaction caused fluidization and extreme disruption of the overlying soil profile. This makes investigation of 
paleoliquefaction features in the coastal setting particularly challenging. In contrast, the alluvial environment is the best setting 
for targeting paleoliquefaction features because the sediment characteristics, and regular sediment deposition provide for 
preservation and stratigraphic bracketing of paleoliquefaction features. 
 
Key words: liquefaction, paleoliquefaction, alluvial and coastal environment, fluidization, liquefaction source layer 
 
 
INTRODUCTION 
 
Evidence of paleoliquefaction features in the soil profile 
provides information about the occurrence of past 
earthquakes (Mw>5). Therefore, targeting sites that best 
preserve paleoliquefaction features is important for 
improving the paleoseismic record and better constraining 
seismic hazard assessments. Several studies have analysed 
the higher liquefaction susceptibility of alluvial, deltaic and 
coastal environments (e.g. Amick et al., 1990; Holzer et al., 
2010; Holzer, 1998; Tinsley et al., 1998; Tuttle, 1999; Youd 
and Hoose, 1977; Youd and Perkins, 1978; Ziony, 1985). 
Recently, in the aftermath of the Canterbury Earthquake 
Sequence (CES) many studies were undertaken to 
investigate the liquefaction susceptibility of the alluvial 
environment, since it was the setting most affected by 
liquefaction (Almond et al., 2012; Bastin et al., 2015; 
Brackley et al., 2012; Quigley et al., 2013; Townsend et al., 
2016; Villamor et al., 2016; 2014). In terms of prevalence 
of liquefaction, the alluvial environment was followed by 
the coastal setting which has only recently become the 
focus of detailed study (Giona Bucci et al., 2017a). 
Research interests related to the coastal setting of 
Christchurch have arisen also because some areas liquefied 
in all events, including the Valentine’s Day event, while 
others areas did not (CGD0200, 2013). The study of the 
liquefaction features in the coastal setting of Christchurch 
provides an opportunity to examine the contrasting 
sedimentary architecture between coastal and alluvial 
environments, in order to better understand the potential 
for preservation of paleoliquefaction features. Our 
conclusions highlight the different factors influencing 

liquefaction susceptibility, ground failure and formation of 
liquefaction features, and effects on soil stratigraphy in the 
two targeted environments. 
 
STUDY SITES AND METHODS 
 
In the coastal area of Christchurch, three sites were 
selected: Wainoni and QEII Parks in the urban area of 
Christchurch, and Featherston Avenue Reserve site, near 
Kaiapoi ~20 km north of Christchurch (Figure 1). In the 
alluvial setting, two sites were selected along the Halswell 
River floodplain (Figure 2, ~18 km southwest of 
Christchurch). The Hardwick and Marchand sites are 
characterized by a paleochannel buried by a crevasse splay 
and point bar deposits, respectively (Tuttle et al., 2017; 
Villamor et al., 2016). At all sites, we conducted a GPR 
survey (2D and/or 3D), excavated and logged trenches, 
retrieved hand piston cores and vibracores, collected grain 
size samples and organic material for dating. 
 
RESULTS AND DISCUSSION 
 
Style of liquefaction features 
In the alluvial environment we found that liquefaction 
ejecta appeared aligned along paleochannel edges (at 
Hardwick site) and along point bar deposits (at Marchand 
site) (Tuttle et al., 2017; Villamor et al., 2016). In contrast, 
the liquefaction features of the coastal setting appeared 
randomly scattered, with a rounded shape, and mainly 
associated with interdune depressions where the water 
table was especially shallow (Giona Bucci et al., 2017a). 
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Figure 1: Location of coastal sites in Christchurch. 
 

 
Figure 2: Alluvial sites along the Halswell River, ~18 km southwest 
of Christchurch. 
 
Sedimentary characteristics 
Grain size analysis from the Hardwick and Marchand sites 
showed that liquefiable sand underlay most of the alluvial 
floodplain (Villamor et al., 2016; 2014). However, the 
liquefaction source layers for ejecta were specifically 
identified as the sandy paleochannel deposits (at Hardwick 
site) and the point bar sediment (at Marchand site). In 
particular at Hardwick site, the use of grain size analysis, 
cross section stratigraphy and CPT (Cone Penetration Tests) 
(see for more details Giona Bucci et al., 2017, in review; 
Villamor et al., 2016) allowed us to identify that contacts of 
channel-fill and point bar deposits, characterized by sub-
inclined surfaces facilitated movement of the liquefied 
sediment upwards, as shown in Figure 3. These findings are 
in agreement with previous research (Tuttle and Barstow, 
1996), and with centrifuge experiments (Dobry and Abdoun, 
2001; Dobry and Liu, 1994). 
 

 
Figure 3: Model of the liquefaction features and fluidization 
pathways occurring in the alluvial environment (readapted from 
Giona Bucci et al., 2017, in review). The paleochannel deposits 
were the liquefaction source layers in this alluvial setting, while 
crevasse splay and paleochannel-fill deposit constitute the 

overlying layer or top-stratum through which dikes were injected 
and on which sand blows or volcanoes were deposited. Clasts of 
the top-stratum can be entrained in the escaping slurry of water 
and sediment but otherwise does not fluidize as occurs into the 
coastal setting, see text for more details. 
 
The investigation of the coastal environment showed that 
the coastal dune sediment is characterized by a shallower 
water table, well sorted and contains few fines. The 
absence of fines reduces the cohesion and plasticity of the 
sediment and enhances liquefaction susceptibility. 
Together, the shallow water table and sediment 
characteristics meant that liquefaction occurred within 1 m 
of the surface. Furthermore, the generally cohesionless 
nature of the overlying soil made it prone to the effects of 
fluidisation as water was ejected from the liquefied 
material beneath. This combination of phenomena (near-
surface liquefaction and fluidisation) led to a unique suite 
of features in the soil including A horizon splitting, A-
horizon foundering, pillow-like features and collapse 
features (for more details see Giona Bucci, 2017; Giona 
Bucci et al., 2017b). The severe disturbance of the soil 
profile made separate liquefaction events of the CES 
impossible to discriminate and presumably obscured any 
evidence of older (paleo) liquefaction events (Figure 4). 
 

 
Figure 4 Generalized and simplified model of the liquefaction and 
fluidization occurring in the coastal setting. A) Soil horizons of the 
coastal setting before the earthquake; B) during the earthquake 
the cyclic seismic load causes the liquefaction of the Bw horizon. 
Liquefaction causes the Bw horizon to lose strength, therefore the 
Ah horizon founders or sinks into liquefied Bw sediment, forming 
depressions in the ground surface. As large pieces or clasts of Ah 
horizon founder, the liquefied sediment of the Bw horizon 
sediment flows around the edges of the clasts forming ‘cusps’ type 
of features; C) some cusps extend between the clasts, forming 
pipes (dikes) that concentrate the flow of the slurry of water and 
entrained sediment, likely leading to an increase of velocity. The 
venting of the sediment from the pipes on the ground surface 
forms sand blows that fill the surface depression. D) The former Ah 
horizon has foundered into the liquefied and fluidized Bw horizon 
and this has also caused the A horizon to break and to be injected 
forming A horizon rip ups (A horizon splitting). 
 
Topographic effect 
Another aspect observed during our research is related to 
the concentration of liquefaction features on particular 
landforms such as the crevasse splay (at Hardwick site) and 
on the point bar ridges (at Marchand site). This could have 
been influenced by a topographic effect. At Hardwick site, 
it was not possible to excavate trenches and/or collect CPT 
tests south of the Hardwick property where liquefaction 
features where not observed and thus test our hypothesis 
that liquefaction features are spatially correlated with the 
crevasse splay and not just the underlying channel and 
point-bar deposits. However, the detailed sedimentary 
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architecture explored by Villamor et al (2016; 2014) and 
Giona Bucci et al. (2017, in review) provides two possible 
explanations: 1) the southern portion of the paleomeander 
was not in hydraulic connectivity with the modern active 
portion of the meander (Samadder-Ratan et al., 2011), 
therefore the sediment was not (entirely) saturated and it 
could not liquefy; 2) the crevasse splay is characterized by 
a concave profile topography and a slightly higher 
elevation. These two factors, taken together might have 
concentrated earthquake-related shear stress (Giona 
Bucci, 2017; Martel, 2016; Moon et al., 2017) and thus 
caused cracking, which facilitated surface evidence of 
liquefaction features. 
 
Which sedimentary environment best preserves 
paleoliquefaction features? 
This research brought to light that the coastal dune 
environment, particularly young dune deposits, are very 
susceptible to liquefaction and likely to result in surface 
manifestations of liquefaction due to the well-sorted 
nature of the sandy sediment and to the very shallow 
water table near the shoreline. As a result, fluidization 
process (water escape features, sensu Owen, 1987; 1996) 
affect the overlying soil causing severe disruption of the 
soil stratigraphy. Therefore, in a highly susceptible 
environment multiple liquefaction events are likely 
overprinted, hindering the ability to identify individual 
paleoliquefaction events. The lower frequency of 
deposition in the coastal dune environment is also less 
favourable to stratigraphic bracketing of paleoliquefaction 
features. Only at one of our coastal sites (Wainoni Park) we 
were able to identify paleoliquefaction features (AD 1730-
1803 Giona Bucci, 2017) since the dunes were older 
(starting to form at least 1000 years ago) and the water 
table deeper (~1.50 m below the surface). 
 
In conclusion, the alluvial setting is considered a better 
place than coastal dune setting for investigating 
paleoliquefaction features, for the following reasons: 1) 
the alluvial stratigraphy is characterized by sandy channel 
and point-bar deposits that are prone to liquefaction 
overlain by silty and clayey channel-fill and overbank 
deposits that are not prone to liquefaction and therefore 
likely to preserve sand dikes and sand blows ; 2) the higher 
frequency of sediment deposition of a floodplain will allow 
bracketing of liquefaction injection and ejections, forming 
cross cutting relations; and 3) floodplains have a higher 
content of organic material that can be dated. However, if 
the aim of the investigation is to confirm that earthquake-
induced liquefaction has occurred in the past and not to 
establish the timing of paleoearthquakes, the coastal dune 
environment may provide a higher likelihood of success 
since it tends to contain sediment that is especially 
susceptible to liquefaction. 
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architecture explored by Villamor et al (2016; 2014) and 
Giona Bucci et al. (2017, in review) provides two possible 
explanations: 1) the southern portion of the paleomeander 
was not in hydraulic connectivity with the modern active 
portion of the meander (Samadder-Ratan et al., 2011), 
therefore the sediment was not (entirely) saturated and it 
could not liquefy; 2) the crevasse splay is characterized by 
a concave profile topography and a slightly higher 
elevation. These two factors, taken together might have 
concentrated earthquake-related shear stress (Giona 
Bucci, 2017; Martel, 2016; Moon et al., 2017) and thus 
caused cracking, which facilitated surface evidence of 
liquefaction features. 
 
Which sedimentary environment best preserves 
paleoliquefaction features? 
This research brought to light that the coastal dune 
environment, particularly young dune deposits, are very 
susceptible to liquefaction and likely to result in surface 
manifestations of liquefaction due to the well-sorted 
nature of the sandy sediment and to the very shallow 
water table near the shoreline. As a result, fluidization 
process (water escape features, sensu Owen, 1987; 1996) 
affect the overlying soil causing severe disruption of the 
soil stratigraphy. Therefore, in a highly susceptible 
environment multiple liquefaction events are likely 
overprinted, hindering the ability to identify individual 
paleoliquefaction events. The lower frequency of 
deposition in the coastal dune environment is also less 
favourable to stratigraphic bracketing of paleoliquefaction 
features. Only at one of our coastal sites (Wainoni Park) we 
were able to identify paleoliquefaction features (AD 1730-
1803 Giona Bucci, 2017) since the dunes were older 
(starting to form at least 1000 years ago) and the water 
table deeper (~1.50 m below the surface). 
 
In conclusion, the alluvial setting is considered a better 
place than coastal dune setting for investigating 
paleoliquefaction features, for the following reasons: 1) 
the alluvial stratigraphy is characterized by sandy channel 
and point-bar deposits that are prone to liquefaction 
overlain by silty and clayey channel-fill and overbank 
deposits that are not prone to liquefaction and therefore 
likely to preserve sand dikes and sand blows ; 2) the higher 
frequency of sediment deposition of a floodplain will allow 
bracketing of liquefaction injection and ejections, forming 
cross cutting relations; and 3) floodplains have a higher 
content of organic material that can be dated. However, if 
the aim of the investigation is to confirm that earthquake-
induced liquefaction has occurred in the past and not to 
establish the timing of paleoearthquakes, the coastal dune 
environment may provide a higher likelihood of success 
since it tends to contain sediment that is especially 
susceptible to liquefaction. 
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Abstract: We carried out a random forest analysis (Machine Learning Technique) to characterise the pattern of ejecta on the 
Halswell River floodplain with the aim of applying this knowledge to predict the location of paleoliquefaction on similar 
landforms. We hypothesised that patterns of liquefaction ejecta had both subsurface controls related to sedimentary 
architecture, and surface controls influenced by 1) stress fields engendered by topography, and 2) the nature of the crust. Here 
we focus on possible surface controls. Both factors 1 and 2 are influenced by geomorphic characteristics, which we used an 
ensemble of micro-topographic parameters (elevation, slope, plan and profile curvature) to capture. Hence, if our hypothesis is 
correct we expect to find systematic relationships between ejecta presence/absence and microtopographic characteristics. Our 
random forest classifier appeared capable of recognising different landforms, and predicting liquefaction ejecta in a way 
consistent with the pattern at our training area. 
 
 
INTRODUCTION 
 
Liquefaction occurs in low lying areas of young Holocene 
sediment (<2000 years old) near waterways, where sandy or 
sandy silt sediment is water saturated, and near seismogenic 
sources that can cause a ground shacking of PGA > 0.090 g 
(Santucci de Magistris et al., 2013). More specifically, 
liquefaction surface manifestation (ejecta) appear to be 
controlled by the local presence of (i) liquefiable sediment, 
(ii) a shallow water table (e.g. perched water table or 
confined and semiconfined aquifers) and (iii) by the 
existence of pathways (cracks or weaknesses) that the 
fluidised sediment can use to gain access to the surface 
(Giona Bucci et al., 2017, in review). 
 
Landforms have specific morphological characteristics and are 
associated with characteristic sediment types (e.g. point bars 
or crevasse splays in a fluvial environment). Consequently, the 
liquefaction susceptibility of subsurface sediment, or the 
strength of surface crusts will be characterized by a specific 
geomorphology that may be identified by unique 
combinations of topographic attributes. Some studies also 
inferred that landforms’ geometries determine surface 
gravitational stresses (Caputo, 2005), which may predispose 
certain parts of the land surface to tensional strain (via brittle 
failure and cracking) once a subsurface layer liquefies and 
loses shear strength. The latter is most strongly expressed in 
lateral spreading where free faces already exist, but is also 
hypothesised to occur where more gentle topographic 
variation prevails and not necessarily in proximity to free 
faces. In other words, the landforms’ geometry, inferred by 
microtopographic parameters plays a critical role in the 
liquefaction surface manifestation. 
 
It is hypothesised that microtopographic parameters 
derived by LiDAR DEM have predicative power with respect 
to the location of liquefaction ejecta. The aim of this 

research is to assess whether it is possible to adopt a novel 
approach based on a Machine Learning scheme, in 
particular the Random Forest algorithm (Breiman, 2001, 
2004), to objectively formalise the relationships between 
liquefaction ejecta presence or absence and 
microtopographic parameters. If statistically significant 
relationships exist, the microtopographic parameters may 
provide a basis for better discriminating potential areas 
where liquefaction ejecta will occur under a given ground 
shaking in the future, or where paleoliquefaction may have 
occurred as a result of past earthquakes. 
 
To achieve this aim the following objectives are 
established: 
 
1) Understand the correlation between liquefaction 

manifestation and micro-topographic parameters. By 
using the CES (Canterbury Earthquake Sequence) 
liquefaction surface manifestation mapping in 
conjunction with a high resolution DEM derived from 
LIDAR. Machine Learning Techniques are used to 
derive a new classification that links specific 
microtopographic parameters with liquefaction 
surface manifestation; 

2) Understand whether the microtopographic 
parameters can accurately predict the liquefaction 
surface manifestation, and what is the sensitiveness of 
the classifier; 

3) Apply the classification issued in a new area outside the 
Canterbury Region where there is no modern evidence 
of liquefaction features. The Manawatu River Basin 
was chosen as a target area to apply the algorithm. This 
area was selected because it has high liquefaction 
susceptibility (it has also historically liquefied, see 
Beetham et al., 2011) and has similar geomorphic 
expression to the machine learning CES training sites 
used. 
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METHOD 
 
Machine Learning is a set of data mining techniques used in 
discovering structural patterns within a dataset. In 
particular, machine learning is useful for datasets where 
non-linear relationships cannot be solved by using basic 
regression methods (Hastie et al., 2009; Witten et al., 2011). 
 
One of the techniques that belong to the Machine Learning 
ensemble is Random Forest. The Random Forest grows many 
decision trees. Decision trees are a style of representation 
characterized by nodes and leaves, where each node splits an 
attribute into two subsets. After a large number of trees is 
generated, the most popular class is chosen by the algorithm 
(Breiman, 2001). This procedure has been demonstrated to be 
an effective tool for predictions 1 and an accurate classifier 
(Breiman, 2001). A training dataset is used in the random 
forest procedure to enable the algorithm to learn the 
classification. Then a confusion matrix output provides an 
evaluation of how well the classifier has learnt and what will 
be the performance of the classifier on the testing dataset. 
Once the model validation is carried out, the method is 
applied to a new area where its purpose is to predict certain 
behaviour (in this case surface manifestation of liquefaction). 
 
The data used in this study were obtained from precise digital 
elevation models (DEMs) for the three study sites (two 
Canterbury training sites, Hardwick and Marchand, and one 
application site in Manawatu region) and re-sampled at 10-15-
20 m resolution, and from detailed maps of surface 
manifestation of liquefaction. The relevant micro-topographic 
parameters for the analysis presented here were derived from 
the DEM and are: elevation, slope (measured in percent rise), 
profile and plan curvature, by using the Surface analysis 
toolset in ArcGIS 10.2. These micro-topographic parameters 
are characterized by a relationship among themselves (the 
curvature is the second derivative of the surface) but also with 
the presence or absence of liquefaction; the latter extracted 
from the detailed liquefaction maps. 
 
RESULTS AND DISCUSSION 
 
Topographic predictors and the random forest model 
Examples of decision trees obtained using the Hardwick 
and Marchand sites as training datasets are shown in 
Figures 1 and 2, respectively. 
 

 
Figure 1: Decision tree from Hardwick site issued at 10m resolution. 

1 In Theorem 1.2 explained in Breiman (2001) it is demonstrated that 
the random forests do not overfit as more trees are added, due to 
the Law of Large numbers. 

 
Figure 2: Decision tree from Marchand site issued at 10 m resolution. 
 
At both sites it appears that Elevation is the most important 
variable determining liquefaction manifestation, followed by 
Slope and Profile curvature. Plan Curvature appears to have 
a minor role. The difference in resolution (10-15-20 m pixel 
resolution) does not seem to affect the sensitivity of the 
classifier, and the micro topographic variables appear in the 
same order across all the model resolutions. 
 
The model is expected to perform well: the ROC value 
(receiver operating characteristics) for all the trees is in the 
range of 0.95-0.99 indicating the model has a very high 
accuracy, corroborated also by the confusion matrix. 
 
Qualitatively, the classifier at 10 m resolution is the most 
geomorphically plausible predictor of liquefaction surface 
manifestation. All the leaves predict ejecta on alluvial 
geomorphic features known for being liquefaction 
susceptible (scroll bars and more in general inner meander 
bend) (Holzer et al., 2010). The testing of the classifier at 
15 and 20 m resolution revealed generally the predictions 
were plausible but there was a small proportion of 
implausible predictions. 
 
Application of Random Forest technique to predict sites 
of surface manifestation of liquefaction in the Manawatu 
River catchment 
The detailed geomorphology of the chosen Manawatu 
River meander is shown in Figure 3. A geomorphic map was 
constructed for the meander with the purpose of showing 
the geomorphic association of the predicted liquefaction 
ejecta. Figure 4 shows the application of the classifier to 
the Manawatu River at 10 m resolution. 
 
The random forest classifier predicts the scroll bar and 
natural levee landforms as sites susceptible to liquefy and 
be affected by surface ejecta, in line with the most recent 
literature (Alessio et al., 2013; Bastin et al., 2015; Civico et 
al., 2015; Tuttle, 2001; Villamor et al., 2016; Wotherspoon 
et al., 2012) and our findings (Giona Bucci et al., 2017, in 
review). In contrast, the abandoned paleochannels are 
never identified as potential locations for liquefaction 
surface manifestation at any of the topographic 
resolutions employed. From a sedimentology perspective, 
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abandoned meanders are characterized by clay-rich 
sediment (clay-plug, see reference Ricci-Lucchi, 1980), 
which notably reduces the liquefaction susceptibility. From 
a topographic perspective the paleochannels are 
characterized by a much lower elevation and a general 
concave shape at the surface (positive values for profile 
curvature and negative values for plan curvature), a 
potentially more stable surface form (Talebi et al., 2008) 
less susceptible to cracking and thus less prone to allow 
sediment to come up at the surface. However, the 
ostensible plausibility of the results is not enough to 
definitively prove that the model is robust and that it can 
be used for predicting where liquefaction ejecta will occur, 
or have occurred in the past. 
 

 
Figure 3: Geomorphic map of the Manawatu River (North Island, 
New Zealand). 
 

 
Figure 4: Application of the Classifier at 10 m resolution to the 
Manawatu meander. 
 
All the predicted liquefaction ejecta are centred along the 
natural levee and in the inner meander belt of the river, 
in particular within the point bar area characterized by 
higher elevation. 
 
Although several aspects of the classifier need further 
improvement, the use of the random forest algorithm 
suggests an association between the micro topographic 
attributes and liquefaction ejecta exists. The results 
represent correlation not causation, and it may be that the 
direct controls on the spatial pattern of liquefaction ejecta 
are the availability of liquefiable sediment at an appropriate 
depth, water table conditions and the nature of the surface 
soils. Nonetheless, the findings are consistent with the 

hypothesis that surface gravitational stresses control paths 
for liquefaction ejection (Caputo, 2005), leading some parts 
of the landform to show greater liquefaction surface 
manifestation than others. In a 2-D modelling study of 
topographic influences on subsurface stress fields Martel et 
al. (2016) showed that pure gravitational stresses related to 
topography lead to horizontally oriented compressive 
stresses on ridges and horizontally oriented tensional 
stresses in valley bottoms in landscapes of low relief. This 
may suggest that liquefaction-induced loss of subsurface 
shear strength could lead to a propensity for cracking and 
ejection of sediment in the low elevation parts of the 
landscape. However, these authors also show that where 
tectonic compressional forces dominate gravitational forces 
the pattern of tensional and compressive stresses change. 
Under this condition ridges become zones of vertical 
tension, while valleys become compressive. An outcome 
could be the formation of sheeting cracking planes 
subparallel to the land surface over the ridge, the latter 
potentially forming sediment flow pathways (dikes). Moon 
et al. (2017) extended this kind of modelling work to three 
dimensions and showed that the shape and thickness of the 
subsurface zone prone to fracturing was dependent on 
firstly, the ratio of tectonic to gravitational stresses and, 
secondly, the curvature of the overlying topography; more 
highly curved parts of the landscape had thicker zones of 
fracturing, and those zones were thickest near ridges and 
thinnest under valleys. Although these studies assumed 
isotropic rock masses and constant tectonic stresses they 
suggest possible important interactions between 
topography and imposed external stresses that could 
provide insights into subsurface fracturing patterns relevant 
to understanding how liquefied sediment vents to the 
surface. The appropriateness of the analogies drawn here to 
cyclical earthquake stresses remains an open question that 
would require rigorous geomechanical modelling outside 
the scope of the present research to answer. 
 
Limits of the random forest algorithm to predict the 
liquefaction ejecta 
One of the limitations of this random forest application is 
the use of only four attributes (elevation, slope, profile and 
plan curvature) for predicting the surface manifestation of 
liquefaction. In our application of random forests, PGA 
(peak ground acceleration), water table, and distance from 
the epicentre are not considered as predictors for the 
model because these variables were either unknown (e.g. 
water table) or essentially invariant over the small study 
area (P.G.A., distance from epicentre). In order to test 
more parameters as predictors of liquefaction ejecta we 
suggest the selection of a wider study area over which PGA 
values, along with other derived predictors (shear wave 
velocity, shear modulus and differences in sedimentary 
settings) would vary and hence be potentially suitable as 
predictors for the classifier. 
 
SUMMARY 
 
In summary, the Random Forest classifier applied to 
microtopographic parameters shows potential for being 
used in an automated prediction of liquefaction surface 
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manifestation. Tests of the Random Forest algorithm have 
identified specific geomorphic features as liquefaction 
prone areas. However, the study does not systematically 
succeed in identifying these sites, or over-predicts 
liquefaction occurrence. This new method provides 
insights into the topographic conditions sufficient for 
occurrence of liquefaction ejecta. Therefore, it will support 
(but not replace) other important tools such as geomorphic 
mapping and subsurface geological, geotechnical and 
groundwater models for locating study sites for 
paleoliquefaction investigations. 
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Abstract: The forearc region of the Central Andes is characterized by active faults. Nevertheless, the submarine cartography and 
activity of these faults are almost unknown. Here, we report late Pleistocene-Holocene surface deformation and active 
submarine normal faulting on the continental shelf of the northern Mejillones Peninsula. Trough differential GPS data and 
submarine subbottom profiles we characterized the deformation of the hanging wall of the Mejillones Fault system. At the tip 
point of the northern submarine fault branch of this system, we observed an overlapping transition zone characterized by large 
submarine landslides and vertical accumulated fault scarp offsets (>300 m height). Similar features were identified hundred 
kilometers to the north (Iquique and Pisagua areas), which we interpreted as evidence of normal faulting associated to the great 
N Chile Coastal Scarp. We conclude that submarine active faults play an important constructive role contributing to coastal relief. 
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INTRODUCTION 
 
The landscape of the Central Andes forearc evidence
several geomorphologic features, with a high grade of
preservation, linked to upper crustal deformation owing
to the null erosion rates which are characteristics for the
hyper-arid Atacama Desert. This positions the Atacama
Desert as an excellent place to study Late Quaternary
surface deformation linked to both subduction and
intraplate fault earthquakes (González et al., 2003;
Vargas et al., 2011; Loveless et al., 2009; Cortés et al., 
2012; Baker et al., 2013). Nevertheless, there is not
sufficient research about the characterization and
potential seismic hazard of the upper intraplate faults.
Previous works evidenced slip rates of 0.1-0.6 m/ka with
recurrences of thousands of years (Vargas et al., 2011;
Cortés et al., 2012; Vargas et al., 2014). The latter could be
considered unessential for the Chilean active margin,
because subduction earthquakes >Mw7.0 have
recurrences of tens of years, and usually caused localized
damage to infrastructure and few human losses, even
when the events have been of large magnitude (e.g. 2010
Mw8.8 Maule, 2014 Mw8.2 Iquique and 2015 Mw8.4
Illapel earthquakes). However, it is widely known that
intraplate fault earthquakes are characterized by shallow
depths and high Peak Ground Acceleration (PGA) close to
the rupture. Over the past 10 years, the improvement of
the Chilean geodetic network, confirmed that Chile had
experienced important earthquakes (Mw>6.0) linked to
shallow intraplate faults. All of them related to submarine
faults (Farías et al., 2011; González et al., 2015) that

remained unknown until the occurrence of the main
shock. The 2007 Mw6.2 Puerto Aysén earthquake was the
most devastating instrumentally recorded upper
intraplate earthquake. This event triggered an aerial
landslide into the sea causing a tsunami that killed 3
people and left 10 others missing (Vargas et. al, 2013). To
this day, shallow intraplate fault mapping and associated
seismic hazard assessments is still very poor. 
 
In this work, we use subbottom seismic profiles,
differential Global Position System (GPS) tracks,
trigonometric topographic profiles and PGA estimations, to
characterize the Mejillones Fault (MF). This fault appears
to have seismic potential for a Mw~7.0, likely
accompanied with severe PGA intensities. The MF trace has
been mapped offshore from the N Mejillones Peninsula
(MP), where it clearly affects the continental shelf, to
Punta Yayes, where it overlaps another normal fault
(Figure 1) likely linked to the Great Northern Chile Coastal
Scarp (GNCCS) evolution. 
 
METHODS 
 
We acquired submarine data using subbottom profilers
Bathy 2000 (12 kHz) and Bathy 2010 (3.5 kHz) to
characterize the bathymetry, sedimentary infill,
geomorphology and structures of the Mejillones Bay
seabed (Figure 1). Those campaigns included data from
hundreds of kilometers northward the MP, off coast of
both Iquique and Pisagua (Figure 3). 
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Figure 1: Map of the Northern Mejillones Peninsula showing
geomorphological and structural features present in the study area
as well as the GPS and seismic reflection data acquisition profiles. 
 
In the inland area, GPS measurements in both Morro
Mejillones and Pampa Mejillones areas (Figure 1) allowed to
determinate precise heights of the geomorphic features,
and to estimate surface tilting. The GPS data were corrected
to take into account the local ellipsoid, which has been
previously estimated for northern MP. In addition, we
realized trigonometric topographic profiles perpendicular to
the Mejillones Bay’s coastal scarp between Punta Chacaya
and Mejillones city (Figure 1), including sea level average
and GPS positioning observations. 
 
Taking both bathymetric and topographic data, we
performed a kriging interpolation yielding a high
resolution Digital Elevation Model (DEM) in order to
quantify slope and tilting directions of the surface. 
 
To estimate the PGA of an earthquake occurring at MF, we
considered a normal fault, dipping 75°E with a fault plane
extending down to 15-20 km depth. The ShakeMap shows
two worst possible scenarios: a seismic rupture encompassing
the conspicuous MF trace from the southern Pampa
Mejillones to Punta Angamos and another one, from the
southern Pampa Mejillones to Punta Yayes (Figures 1, 2). The
latter considered the activation of all segments. 

 
RESULTS 
 
Offshore northern MP, we observe the submarine
continuity of the MF at the western Mejillones Bay (Figure
1). The fault trace is conspicuous until Punta Angamos.
From Punta Angamos to Punta Yayes, the MF is
subdivided in NNE-oriented segments. The normal faults
are deforming the Mejillones Bay sedimentary infill
through both fragile and ductile structures, highlighting
kilometric syncline fold as well as a N-S, west dipping
homocline fold located between Mejillones Bay and Punta
Yayes that follow roughly the -100 m contour line. Within
the substrate, we identified an angular unconformity
between the Neogene and Holocene deposits. Much of this
surface is interpreted as the Last Low Stand Sea Level
platform (LLSSL; Figure 1), which is tilting to the NW. In
addition, we identified slump deposits lying at the centre
of the Mejillones Bay at the E side of the MF (Figure 1).
Further north, the Punta Yayes Fault (PYF) corresponds to
a W- dipping normal fault which develops large accrued
vertical scarp offsets (~300 m) with associated submarine
landslides, as seen in the seismic profiles (Figure 3). 
 

 
Figure 2: ShakeMaps of the two possible worst scenarios for 
the Mejillones Fault. The intensity color scale is based on 
Worden et al. (2010). 
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In the inland area, we determined that the steeper slopes
in the W direction are in the northern Pampa Mejillones
than the southern part; and the steeper slopes in the N
direction are in the eastern Pampa Mejillones than
western part. Nevertheless, the steepest slopes are in
NW direction, which are located from the centre to the
NE Pampa Mejillones. The erosion rates are considered
null for this area, so it is not expected important changes
in the surface slopes over the time. 
 
In the ShakeMap scenarios the hanging wall (Pampa
Mejillones) is the block which undergoes higher intensities
than the footwall (Figure 2). The first scenario considers a
rupture along 29 km with a hypocentre of 3 km depth, and
a maximum expected magnitude of Mw6.8. The second
scenario considers a rupture along 52 with a hypocentre of
3 km depth, and a maximum expected magnitude of Mw7.1
(Figure 2). The accelerations in Pampa Mejillones are very
strong to severe, and might generate an enormous damage
to the Mejillones city infrastructure, including an important
industrial district which provides service and energy to the
national copper mining (the mega-sea port, thermoelectrics
and mining factories). 
 

 
Figure 3: Distribution of the subbottom seismic profiles where we 
recognized the large normal fault associated to the GNCCS 
evolution. The profiles show vertical offsets on the order of 300 m. 
From N to S, note that the vertical offsets of the GNCCS fault scarps 
decrease approaching at Punta Yayes. The GNCCS fault has no 
submarine expression to the S of this locality. 
 
DISCUSSION 
 
According to the ShakeMap scenarios (Figure 2), the MF is 
an active normal fault (Vargas et al., 2005; Vargas et al., 
2011, Cortés et al., 2012) with a high seismic hazard 

potential. Normal faults located on the continental margin 
could be affected by changes in Coulomb stress triggered by 
large subduction earthquakes, as occurred during the Mw7 
Pichilemu seismic sequence (Mw7), days after the Mw 8.8 
2010 Maule earthquake main shock (Farías et al., 2011). The 
MP proximity to the subduction trench is potentially a 
hazardous location considering that it is located at the S edge 
of the major N Chile seismic gap, which triggered an M~8.8 
earthquake in 1877. The activation of intraplate faults, 
located on the active margin following subduction 
earthquakes, has been empirically evidenced for large global 
events, such as the Mw 9.3 2004 Sumatra-Andaman and the 
Mw 9.0 2011 Tohoku-Oki earthquakes. 
 
The Holocene substrate of the Mejillones Bay presents several 
slump deposits, highlighting a large slump occurred close to 
the MF (Figure 1). The large Holocene slump has a radiocarbon 
age of 3000-2300 BP (Vargas et al., 2005) and a volume of 
roughly 6.05x106 m3. One smaller slump deposit (3% the size 
of the bigger one) has a radiocarbon age of 1754-1789 AD 
(Vargas et al., 2005) and it could be linked to the 1768 Ms>7.7 
subduction earthquake which affected the MP area (Comte & 
Pardo, 1991). Considering these observations, we relate the 
occurrence of the large slump with the last large MF Mw~7 
earthquake. The latter is corroborated from the 2007 ESI scale 
(Michetti, et al., 2007) for which slope movements of ~106 m3 
are correlated with intensities of IX-X and our intensities for 
Mejillones Bay are about IX (Fig. 2). 
 
From the bathymetric and topographic data interpretations, 
we determinate that the surface deformation observed in 
both Mejillones Bay and Pampa Mejillones is linked to the 
activity of the MF for at least 400 ka. This age corresponds to 
the oldest paleo-beach ridge located at the southern Pampa 
Mejillones (Ortlieb et al., 1996). The NW slopes in Pampa 
Mejillones could be indicating a high slip rate of the fault in the 
Mejillones Bay area. This is supported by direct 
geomorphological evidence of the MF scarp, which increases 
in height to the N indicating a scissor geometry. This 
hypothesis is strengthened by gravimetric observations 
showing a thick sedimentary infill (~1 km) on the substrate of 
the Mejillones Bay (Castillo, 2008). The submarine fault 
segments could be a primitive stage of the fragile surface 
deformation of the MF to the N. The submarine faults are 
cutting and deforming Holocene deposits, so these are actives. 
 
The slope direction of the erosion surface assigned to the 
LLSSL platform (~20 ka) is contradictory to the 
interpretation of a highest slip rate of the MF in Mejillones 
Bay area. The inner edge of the LLSSL platform is located at 
shallower depths in its S part than in the N part. This may 
be indicating that other processes are affecting the area, 
perhaps related to regional uplifting which would outpace 
the MF activity or the proximity of the northern LLSSL 
platform to the PYF overlapping (Figure 1). 
 
At Punta Yayes, the overlapping between the MF system 
and the PYF shows a structural complexity. Similar faults to 
PYF are recognized offshore Iquique and Pisagua (Figure 3). 
These faults are located 5-10 km from the coastline and 
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they are associated to large submarine landslides 
indicating continental shelf collapse. The idea of a great 
fault that controls the GNCCS evolution was proposed by 
Armijo & Thiele (1990). Recent geophysical data (e.g., 
Contreras-Reyes et al., 2012) research supports this idea. 
We propose that Punta Yayes marks an important 
transition zone between a large normal fault that would 
control the GNCCS evolution and the local deformation of 
the MF submarine segments linked to the MP evolution. 
This transition zone would be likely related to changes in 
the slab mechanical properties. 
 
CONCLUSION 
 
The active MF is potentially represents severe seismic hazard 
that could generate devastating earthquakes and possible 
tsunamis in the area. The presence of an important 
structural overlapping at Punta Yayes can be the upper 
crustal response of changes in mechanical properties of the 
subduction interface. The geomorphological features linked 
to these structures demonstrate that active submarine 
faults play an important role contributing to the construction 
of coastal relief. 
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Abstract: We first describe the late Holocene slip history of the Marvast active fault, in central Iran, by combining geomorphology 
investigations with paleoseismological evidences. Although the Marvast fault system did not produced earthquakes larger than 
4.5(Mb) yet, but there is abundant evidence for tectonic activity. We opened a trench across the Marvast fault trace. Despite the 
lack of large instrumental earthquakes (1900-2017) related to this fault, all geomorphology and paleoseismology evidence 
implies that the Marvast fault has had significant vertical and horizontal movements in the Holocene. Qanats are one of the 
oldest human phenomena (about 1000 years) in the region. The Marvast fault has displaced and destroyed them during the last 
1000 years. The reconstruction of the interplay between theses human phenomena of the site (Qanats) and the geomorphic 
evidence, permitted us to gain reliable chronological data for constraining the fault slip history in the last 1000 yr. Our results 
show that this fault has been activated in the Quaternary. 
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INTRODUCTION 
 
The Iranian plateau extends over a number of continental 
fragments welded together along suture zones of oceanic 
character (Nadimi, 2007). Due to the Arabian–Eurasian 
collision (Berberian and King, 1981) and their dynamics 
(Vernant et al., 2004), the Iranian territory may be 
considered as one of the most tectonically active regions 
of the world. The Central Iranian interior plateau (herein 
referred to as Central Iran) consists of five major crustal 
domains from east to west (the Lut, Tabass, Kalmard, 
Poshtabadam and Yazd blocks, respectively). It is 
characterized by strike-slip faulting on long faults 
(Berberian, 1976) (e.g., Dehshir, Anar, Dorouneh, 
Nayband, Nehbandan, Bam, Sabzevar, Kuhbanan, etc) 
(Figure 1). 
 
All faults with present-day and Holocene offsets or other 
manifestations of activity during the last 10,000 years 
have been defined as active faults (Allen, 1975). 
However, since it is hard in many regions to differentiate 
the Holocene geological features from those of the Late 
Pleistocene, we consider it necessary to extend the time 
interval accepted as characteristic for active faults to 
100,000 years, i.e. Holocene and Late Pleistocene. 
 
Several studies have been carried out on active faults of 
Central Iran (Berberian, 1981; Berberian et al., 2001; 
Meyer and Dortz, 2007; Tchalenko and Berberian, 1975), 
especially in its eastern parts (Bachmanov et al., 2004; 
Walker and Jackson, 2004; Walker et al., 2003). The 
activity of faults has caused a long series of large 
damaging earthquakes, many of them occurring within 
the 20-21th century in the Central Iran. There have been 
roughly 126,000 deaths attributed to 14 earthquakes of 
magnitude ~7.0 (about one M7 earthquake every seven 
years), and 51 earthquakes of 6.0-6.9 (about one every 

two years) that took place in Iran since 1900. During this 
period, nine cities were devastated (about one city every 
ten years) (Berberian, 2014). 
 

 
Figure 1: (a) Simplified topographic (derived from SRTM90) and 
tectonic map of Iran and its surroundings. with simplified main 
active fault traces. Deh refers to location of the Dehshir and 
Marvast fault. .(Goorabi, 2009) (b) Distribution of earthquakes in 
Iran (1900–2017, USGS). 
 
The Marvast fault is a segment (about 100 km) of the 
Dehshir strike-slip fault zone (overall, 400 km). Dehshir 
fault zone is located at the westernmost of Central Iran 
(Goorabi, 2009) (Figure 1 a and Figure 2). Based on 
historical (Ambraseys and Melville, 2005; Berberian and 
Yeats, 1999) and instrumental earthquake data (Figure 
1 b, USGS) the Marvast fault has not had large 
earthquakes (Mb≥4.5) and is commonly seen as an area 
with potential of low seismicity (Figure 1 b). 
Notwithstanding, the Marvast fault hosts geomorphic 
evidence of Quaternary activity. 
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Material and Methods 
 
We utilized Landsat ETM+, ASTER, IRS, DEMs and SRTM-
30&90-m imageries, Google Earth, detailed maps of 
drainage systems, and fieldwork to identify and interpret 
the geomorphic evidence associated with Quaternary 
landforms along the Marvast fault. 
 
The large Dehshir strike-slip fault zone cuts the main part of 
the Iranian plateau (Figure 1 a). It is orientated NNW–SSE 
between 29.5°N and 32.5°N. The Dehshir fault zone is 
segmented into several linear sections from NW to SE 
(Goorabi, 2009): The first section runs N170°, is about 75 km 
long, and cuts the eastern part of Central Iran between 
Ardestan playa (north) to Gavkhoni playa (south). This section 
of of the Dehshir fault zone has been named locally Nain fault 
(Alai-Mahabadi and Foudazi, 2004) (Figure 2, see 1). 

 
Figure 2: Imagery of the study area showing the major sections of 
the Dehshir fault zone and the Marvast Fault. 
 
The next segment runs N160° and is 200 km long. It starts 
north of Dehshir and cuts ponded lakes, marshes, and 
Quaternary salt flats, and finally ends SE of Abarkooh playa 
(Figure 2, see 2). This section has been named locally Dehshir 

fault (Rowshan Ravan et al., 2004). The third segment strikes 
N154°. It is 100 km long and begins at the Abrkooh-Marvast 
playas, ending south of Harat. The local name of this 
segment is Marvast fault (Goorabi, 2009) (Figure 2, see 3). 
Finally, the fourth section, locally named Cheshmeh Anjir 
fault (Rowshan Ravan et al., 2004), terminates in the east of 
the Main Zagros Thrust (MZT) (Berberian, 1981; Meyer et al., 
2006) (Figure 1 and Figure 2). In this study, we focused on 
the Marvast segment (Figure 2, see 2), which cuts Holocene 
landforms and Qanats. 
 
RESULTS 
 
We compare our study area with recent research and 
dating of Quaternary landforms in Central Iran (Fattahi, 
2010; Fattahi et al., 2006, 2007; Nazari et al., 2009; Regard 
et al., 2006) and suggest that the landforms deformed by 
the Marvast Fault are Holocene in age. Tectonically 
deformed Qanats are not older than 1000 years. 
 
Quaternary faulting along the Marvast Fault 
Along the Marvast fault we observe displacemed 
landforms, deflected and deformed drainage, and 
deformed Holocene alluvium. The fault can be traced by 
offset channels, spring lines, and linear valleys (Figure 3). 
In addition to the horizontal component of faulting, 
vertical component has created remarkable fault scarps 
along the Marvast fault (Figure 5). The combination of 
these two components coincident with Holocene faulting 
of Marvast fault in some parts(hanging block) along it 
extreme erosion occurred faster than the adjacent region 
(footwall block), This process has produced longitudinal 
depressions along the fault trace, incised alluvial fans 
(rillwashs), and many small sub-basins on the hanging wall 
block in alluvium (Figure 3). 
 
The Quaternary terrace of Marvast river hosts linear 
geomorphic elements that cross the fault and thus can be 
used as piercing points. These include channel axes, 
channel margins, and depositional levees (ridges). We 
measured the offset of the Marvast river terrace and found 
about 1000 m horizontal displacement since the Early
Quaternary (Figure 4). Therefore, the fault slip rate is about 
0.5 mm/yr during the Quaternary. 
 

 
Figure 3: Evidence of neotectonics along the Marvast strike-slip 
fault west of Marvast city. The early Quaternary terrace of 
Marvast River has been displaced by about 1000 m. 
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The youngest Marvast river terrace hosts similar linear 
markers. 30 m offset were found in Holocene landforms, 
hence, the slip rate is about 3.0 mm/yr in the Holocene. 
 
Qanats are still in use in many parts of Central Iran. This 
water irrigation system was developed by the Persians in 
the 6th Century BC, and is a hand-dug subterranean conduit 
with a gentle gradient that brings water from the aquifer
to the oases in arid lowlands. In the study area, several 
Qanats are offset across the Marvast fault (Figure 5 and 5). 
A maximum age of about 4000 years is assumed for Qanats 
in Iran (Berberian, 2014). However, in the Marvast area, 
Qanats are likely to be much younger than 4000 years, and 
may indicate a higher rate of slip. In the study area, the 
entrances of Qanats are usually drilled into the hanging 
wall block of fault. Therefore, most farms are located on 
the foot wall of Marvast fault. Fault scarps in this area 
range between 20-60 m(c , Figure 5) Indeed, the Marvast 
faulting, and its uplifted aquifer, provide the main source 
of water for agricultural purposes, and together indicate 
the reason for the location of the oasis and its agriculture 
in the Marvast area (Figure 5). 
 

 
Figure 4: (a) 30 m offset in the Holocene Marvast river terrace. (b) 
Deflected rillwashes on the Marvast alluvial fan in IRS P5 imagery 
(2.5 m resolution). (c) Schematic diagram of deflected drainages 
caused by motion on the Marvast-Harat fault. The present-day 
drainages are marked by numbers 3, 4 in every ravine course. (d) 
Reconstruction of the drainage network. (e) Field photo showing 
one of the drainage offset. 
 

 
Figure 5: The shafts of Qanats are displaced across the Marvast fault 
(a and b). c show W–E topographic profiles across Marvast fault.
 
The lines of the Qanats are shown in Figure 6. Some of 
them are deflected to the south a few meters west of the 
frontal escarpment, caused by right-lateral strike-slip 
faulting (Figure 6).
 

 
Figure 6: a) and b) Several generations of Qanats indicate repeated 
disruption to water flow. (c and d) Shafts (wells) of a Qanat dug in 
alluvial sediment. 
 
The water table appears to change in height across the 
fault, being ~20-60 m (almost equal to fault scarp high, see 
c at the Figure 5) underground to the east of the fault trace, 
but deeper in the qanats. The fault may form a barrier to 
the flow of water or may separate sediments of differing 
permeability. Some researchers (Yazdi and Khaneiki, 2016) 
also state that some qanat tunnels have been dug along 
the fault trace itself, presumably to maximize the flow of 
water by tapping the elevated water table along the fault. 
We conclude that Holocene activity on the Marvast fault is 
documented by uplift and offset of ancient Qanats. 
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Figure 7: Evidence of active faulting in man-made structures. (a) 
Road damage, (b) uplifting and erosion of the hanging wall of the 
Marvast fault, (c ) the destruction of water wells and Qanats

CONCLUSIONS 
This study attempts to clarify the Late Pleistocene–Present 
deformation along the Marvast fault and to analyse the 
occurrence of recent tectonic activity. Indicators for active 
faulting are preserved in Quaternary landforms. The 
morphology of several landforms is strongly influenced by 
active faulting. All data show that the Marvast fault is a 
very active fault with a Holocene slip rate of 3 mm/yr and 
a Quaternary slip rate of 0.5 mm/yr. 
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Abstract: The plate boundary Alpine Fault is one of New Zealand’s largest sources of seismic hazard. Despite this the earthquake 
history of its North Westland section remains poorly defined. It has been hypothesised that the most recent earthquake (MRE) 
on the section occurred in ~1620 A.D. and ruptured ~250 km of the North Westland and Central sections of the fault but new 
paleoseismic data from lake sediments has raised questions about the extent of this rupture. We re-evaluate chronologies from 
fault trenches on the North Westland section using the current 14C calibration curve and Bayesian age modelling to integrate 
radiocarbon and stratigraphic constraints. The revised chronologies are not consistent with a ~1620 age for the MRE on the 
North Westland section and suggest a complex rupture history over the last 500 years. The evaluation demonstrates the need 
for further on-fault and off-fault investigation to constrain the timing and extent of recent earthquakes on North Westland 
section. 
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INTRODUCTION 
 
The Alpine Fault is an 850 km long transform plate 
boundary fault that strikes the length of the South Island 
of New Zealand (Norris and Cooper, 2001). In the central 
South Island the fault accommodates up to 80% of the 39 
mm.yr-1 of plate motion between the Pacific and 
Australian plates, making it one the South Island’s largest 
sources of seismic hazard (Sutherland et al., 2007). No 
large earthquakes have occurred on the fault during the 
150 year period of written records. Paleoseismic data from 
on-fault trenches, dendroseismology, and lake records 
indicate that ~380 km of the fault last ruptured in 1717 A.D. 
in an estimated Mw 8.1 earthquake (De Pascale and 
Langridge, 2012; Howarth et al., 2016a; Wells et al., 1999). 
Long records (>10 events) of paleo-earthquakes have also 
been developed for the South Westland and Central 
sections of the fault from near fault swamps and lake 
records (Cochran et al., 2017; Howarth et al. 2012; 2014; 
2016; Figure 1). By comparison, the earthquake history of 

the North Westland section remains poorly constrained 
despite a high density of on-fault paleoseismic sites. 
 
On-fault records with poor age control have been 
correlated with precisely dated evidence for landscape 
disturbance (using dendrochronology) to infer that the 
North Westland section of the Alpine Fault last ruptured 
in ~1620 A.D. (Sutherland et al., 2007); Yetton, 1998). The 
~1620 A.D. earthquake is thought to have ruptured ~250 
km of the Alpine Fault’s North Westland and Central 
sections (Figure 1). This paradigm has persisted for the 
last 20 years but requires further scrutiny because the 
timing of this event does not agree well with precisely 
dated paleo-earthquake histories derived from lake 
records (Howarth et al., 2012; Howarth et al., 2014; 
Howarth et al., 2016b). Here we review on-fault 
paleoseismic data for the North Westland section and 
update trench chronologies using Bayesian age modelling 
to re-examine ~1620 A.D. earthquake. 
 

 
Figure 1: Tectonic setting (left) and the Central (yellow) and North Westland (green) sections of the Alpine Fault in the South Island, New Zealand 
(right). The Alpine Fault last ruptured in 1717 A.D. in a Mw8.1 earthquake but the timing and extent of the penultimate event on the North 
Westland section remains poorly defined. It has been widely accepted that the most recent earthquake (MRE) to rupture the entire North 
Westland section occurred in 1620 A.D. Blue circles = lake paleoseismic sites; crosses = on-fault trench paleoseismic sites. 
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Abstract: The plate boundary Alpine Fault is one of New Zealand’s largest sources of seismic hazard. Despite this the earthquake 
history of its North Westland section remains poorly defined. It has been hypothesised that the most recent earthquake (MRE) 
on the section occurred in ~1620 A.D. and ruptured ~250 km of the North Westland and Central sections of the fault but new 
paleoseismic data from lake sediments has raised questions about the extent of this rupture. We re-evaluate chronologies from 
fault trenches on the North Westland section using the current 14C calibration curve and Bayesian age modelling to integrate 
radiocarbon and stratigraphic constraints. The revised chronologies are not consistent with a ~1620 age for the MRE on the 
North Westland section and suggest a complex rupture history over the last 500 years. The evaluation demonstrates the need 
for further on-fault and off-fault investigation to constrain the timing and extent of recent earthquakes on North Westland 
section. 
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INTRODUCTION 
 
The Alpine Fault is an 850 km long transform plate 
boundary fault that strikes the length of the South Island 
of New Zealand (Norris and Cooper, 2001). In the central 
South Island the fault accommodates up to 80% of the 39 
mm.yr-1 of plate motion between the Pacific and 
Australian plates, making it one the South Island’s largest 
sources of seismic hazard (Sutherland et al., 2007). No 
large earthquakes have occurred on the fault during the 
150 year period of written records. Paleoseismic data from 
on-fault trenches, dendroseismology, and lake records 
indicate that ~380 km of the fault last ruptured in 1717 A.D. 
in an estimated Mw 8.1 earthquake (De Pascale and 
Langridge, 2012; Howarth et al., 2016a; Wells et al., 1999). 
Long records (>10 events) of paleo-earthquakes have also 
been developed for the South Westland and Central 
sections of the fault from near fault swamps and lake 
records (Cochran et al., 2017; Howarth et al. 2012; 2014; 
2016; Figure 1). By comparison, the earthquake history of 

the North Westland section remains poorly constrained 
despite a high density of on-fault paleoseismic sites. 
 
On-fault records with poor age control have been 
correlated with precisely dated evidence for landscape 
disturbance (using dendrochronology) to infer that the 
North Westland section of the Alpine Fault last ruptured 
in ~1620 A.D. (Sutherland et al., 2007); Yetton, 1998). The 
~1620 A.D. earthquake is thought to have ruptured ~250 
km of the Alpine Fault’s North Westland and Central 
sections (Figure 1). This paradigm has persisted for the 
last 20 years but requires further scrutiny because the 
timing of this event does not agree well with precisely 
dated paleo-earthquake histories derived from lake 
records (Howarth et al., 2012; Howarth et al., 2014; 
Howarth et al., 2016b). Here we review on-fault 
paleoseismic data for the North Westland section and 
update trench chronologies using Bayesian age modelling 
to re-examine ~1620 A.D. earthquake. 
 

 
Figure 1: Tectonic setting (left) and the Central (yellow) and North Westland (green) sections of the Alpine Fault in the South Island, New Zealand 
(right). The Alpine Fault last ruptured in 1717 A.D. in a Mw8.1 earthquake but the timing and extent of the penultimate event on the North 
Westland section remains poorly defined. It has been widely accepted that the most recent earthquake (MRE) to rupture the entire North 
Westland section occurred in 1620 A.D. Blue circles = lake paleoseismic sites; crosses = on-fault trench paleoseismic sites. 
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REVIEW OF TRENCH SITE CHRONOLOGIES 
 
Between the Maruia and the Toaroha rivers there are eight 
sites where paleoseismic trenches have been excavated 
across the fault. These trenches provide evidence of the 
last 1-2 ruptures of the fault section and sparse, though 
important, constraint on the timing of the events from 
radiocarbon dates (Yetton, 1998; Yetton et al., 1998; 
Yetton, 2002; Yetton and Wells, 2010). A summary and re-
evaluation of the results of these trench investigations is 
timely because many were conducted in the late 1990s and 
since then there have been significant advances in 
methodologies for treating radiocarbon ages. In particular, 
developments in the Southern Hemisphere calibration 
curve (ShCal13; Hogg et al., 2013) have superseded the 
convention to report conventional radiocarbon ages (CRA) 
less than 200 yr BP as modern. With the new calibration 
curve these young ages contain useful information that can 
be extracted. The chronology from the trench sites is 
evaluated below and updated using the current calibration 
curve and Bayesian statistical approaches for integrating 
14C dates and information on their stratigraphic position. 
We use the Sequence prior in OxCal 4.3 to integrate 
numerical age information and stratigraphic contraints to 
produce earthquake chronologies (Lienkaemper and 
Ramsey, 2009). Earhtquake ages are reported as 95% 
highest probability density function range (95% HPDF). 
 
Maruia River: At Maruia River a single multi–arm trench 
was excavated across the surface trace of the Alpine Fault 
(Yetton, 2002). The trench was located in the tread of the 
most recently abandoned terrace of the Maruia River 
that hosts a channel offset by 1.3 m ± 1 m across the 
Alpine Fault trace. The trench shows evidence of the last 

rupture at this site. Unfortunately, the CRAs that bound 
the rupture are on fragments of charcoal that have 
obviously been reworked. Charcoal from deposits at the 
base of channel fill from an un-faulted channel provided 
a CRA of 805 ± 49 yr BP (Wk9623), while charcoal from 
faulted gravely, sandy silt has ages of 477 ± 58 yr BP 
(Wk9325) and 609 ± 57 yr BP(Wk9326). As the charcoal 
was extracted from sediment that experienced fluvial 
reworking and has an unknown residence time within the 
catchment before deposition, the youngest CRA 
(Wk9325) provides a crude maximum for the most recent 
earthquake (MRE) of sometime after 1625 - 1399 A.D. 
 
Blue Grey River: Constraints on the timing of the last 
surface rupture were produced from a hand-dug trench 
across the active trace near the track to Lake Christabel 
(Yetton, 2002). The trench contains stratigraphic 
evidence of the MRE, which also offset channels that 
cross the fault by an average of 1 m ± 0.3 m. The offset is 
inferred to be the displacement caused by the last 
rupture (Yetton, 2002). The age of the rupture is bounded 
by a CRA of 281 ± 56 yr BP (Wk10000) from branch 
fragments trapped in the shear zone, and a CRA of 219 ± 
57 yr BP (Wk10001) from charcoal within colluvium 
immediately overlying the upper terminations of the fault 
strands. An additional constraint comes from the lack of 
documented historical rupture of the Alpine Fault since 
1840 A.D. The modelled age for the most recent rupture 
was 1843 - 1567 A.D. (Figure 2). 
 
Ahaura River: A single trench at Ahaura River was 
excavated across the westernmost of two Alpine Fault 
surface traces, immediately south of Coates Creek 
(Yetton et al., 1998). Faulted overbank silts are overlain 
by silty, sandy, angular, fine schist gravels that are 

 
Figure 2: Space and time diagram showing the most recent earthquake (red) and penultimate (yellow) earthquake age probability density 
functions (PDFs) derived from the Bayesian age modelling of trench stratigraphy and 14C dates. Green age PDFs = MRE and penultimate MM9 
shaking on the central section recorded in fault proximal lake records  
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interpreted as post seismic creek aggradation. A CRA of 
380 ± 60 yr BP (Wk5378) from a small branch located at 
the base of the angular schist gravels provides a minimum 
age for the last rupture at this site. Branches from near 
the base of an unleached brown peat with minor sand 
and schist gravel produced a CRA of 127 ± 48 yr BP 
(Wk5528). Bayesian age modelling of this sequence 
provides an age for the last event of 802-1642 A.D. 
 
Crane Creek: A single trench was hand-dug across a fault 
furrow that Yetton et al. (1998) infer as the youngest 
surface trace of the Alpine Fault, immediately south of 
Crane Creek. The trench records the stratigraphic evidence 
of the rupture that generated the fault furrow. A shear 
zone is overlain by silty sand with fine schist gravel and 
Yetton et al. (1998) infer that it is scarp-derived colluvium. 
Two CRAs from twigs within the colluvium provide ages of 
380 ± 25 yr BP (Wk5263) and 360 ± 50 yr BP (Wk54489). 
These ages immediately post-date the rupture recorded in 
the trench. Yetton et al. (1998) infer that this rupture 
presents the last event on the Alpine Fault at this location. 
The timing of the event is further constrained by the 
presence of a small landslide from the fault scarp that 
buries the trenched fault furrow and is not faulted, 
indicating that it post-dates the rupture that formed the 
furrow. Ring counts from trees growing on the landslide 
demonstrate that this fault trace has not ruptured in the 
last ~300 years (Yetton et al., 1998). Based on this evidence 
the last rupture of the Alpine Fault at this location was in 
1601-1110 A.D. (Figure 2). 
 
Haupiri River: A hand-dug pit was located across the only 
surface trace of the Alpine Fault immediately north of the 
Haupiri River, where the toe of a small landslide from the 
fault scarp has been offset from the scarp by 5 m - 6 m 
(Yetton et al., 1998) The trench stratigraphy reveals 
sheared gravels that are overlain by un-faulted scarp 
derived colluvium, which in turn is overlain by brown 
peat. Yetton et al. (1998) infer that this sequence records 
the last rupture of the Alpine Fault. CRAs of 210 ± 50 yr 
BP (Wk5529) from twigs and leaves trapped within the 
shear, and 134 ± 46 yr BP (Wk5379) from twigs and small 
branches from the base of the colluvium, provide 
bounding age constraint for the most recent rupture at 
this location. The modelled age for the last rupture at 
Haupiri River is 1843-1689 A.D (Figure 2). 
 
Kokatahi River: On the northern bank of the Kokatahi 
River the Alpine Fault has two recent surface traces that 
were both trenched by Yetton et al. (1998). The trench 
stratigraphies are similar to those at Toaroha River and 
are characterised by alluviums, overbank silts, and 
colluviums. Both trenches record shear that relates to at 
least the last two ruptures at this location. Maximum age 
constraint for the timing of the penultimate earthquake 
is derived from two CRAs from Kokatahi 1 trench 
extracted from deposits faulted by two ruptures. The first 
is a CRA of 490 ± 40 yr BP (Wk 5470) from a M. umbellata 
log that had sapwood removed by river abrasion and was 
extracted from flood channel sands and the second is a 
CRA of 120 ± 40 yr BP (Wk 5471) from a D. dacrydiodes 

root that had its upper termination sheared and was in 
growth position within the flood channel sands. 
Maximum age constraint for the most recent rupture is 
provided by a CRA from the Kokatahi 2 trench of 220 ± 40 
yr BP (Wk5473) from a piece of decayed M. umbellata 
branch extracted from a soil breccia interpreted to have 
formed as a product of liquefaction during the MRE. 
Minimum age constraint for the latest rupture is provided 
by a CRA of 93 ± 40 yr BP (Wk5469) from a small stump in 
growth position that was buried by flood channel sands 
that are inferred by Yetton et al. (1998) to postdate the 
last rupture. The modelled ages for the last two 
earthquakes at Kokatahi River are 1845-1703 A.D. and 
1814-1684 A.D. (Figure 2). 
 
Toharoa River: Two trenches were excavated across the 
surface trace of the frontal thrust of the Alpine Fault at 
the Toharoa River (Yetton et al. 1998). The stratigraphy 
of the Toharoa 1 trench is characterised by sequences of 
alluvium, overbank silts, colluvium and buried soils that 
have been sheared in at least two ruptures. Temporal 
constraint on the timing of these ruptures comes from 
both trenches. A CRA of 250 ± 50 yr BP (Wk5511) from 
root material within fluvial sands that was faulted by the 
shear caused by the penultimate rupture provides a 
maximum age for the most recent two ruptures. A branch 
extracted from scarp-derived colluvium that is faulted by 
a shear that reaches the surface provided a CRA of 166 ± 
42 yr BP (Wk5512) and post-dates the penultimate 
rupture while pre-dating the most recent earthquake. 
Wood and charcoal collected from near the ground 
surface (Wk 5510) provided a post-1950 A.D. age. When 
modelled, the stratigraphic sequence and calibrated 
CRAs return ages of 1841-1687 A.D. for the most recent 
rupture and 1833-1624 A.D. for the penultimate rupture 
(Figure 2). Only the MRE is constrained by CRAs in the 
Toharoa 2 trench. The modelled age for this event is 
1844-1696 A.D., which is consistent with the event 
chronology for Toharoa 1 (Figure 2). 
 
CONCLUSIONS 
 
The review of existing on-fault paleoseismic data from 
trenches on the North Westland section of the Alpine 
Fault reveals the possibility that the MRE on this section 
occurred more recently than the 1717 A.D. great 
earthquake. Four out of seven trench sites contain 
evidence that is consistent with a post-1717 A.D. 
rupture, one provides inconclusive evidence, and two 
sites seem to preclude post-1717 A.D. rupture. The 
reanalysed chronologies do not support a MRE that 
involved a ~250 km long rupture of the fault in ~1620 
A.D. and point instead to complex rupture behaviour on 
this section of the fault over the last 500 years. There is 
obviously a need for further on-fault and off-fault 
investigations to constrain the timing of the MRE on this 
section. Future studies must involve excavations across 
all active traces in sedimentary environments that 
facilitate accurate dating of earthquakes. 
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interpreted as post seismic creek aggradation. A CRA of 
380 ± 60 yr BP (Wk5378) from a small branch located at 
the base of the angular schist gravels provides a minimum 
age for the last rupture at this site. Branches from near 
the base of an unleached brown peat with minor sand 
and schist gravel produced a CRA of 127 ± 48 yr BP 
(Wk5528). Bayesian age modelling of this sequence 
provides an age for the last event of 802-1642 A.D. 
 
Crane Creek: A single trench was hand-dug across a fault 
furrow that Yetton et al. (1998) infer as the youngest 
surface trace of the Alpine Fault, immediately south of 
Crane Creek. The trench records the stratigraphic evidence 
of the rupture that generated the fault furrow. A shear 
zone is overlain by silty sand with fine schist gravel and 
Yetton et al. (1998) infer that it is scarp-derived colluvium. 
Two CRAs from twigs within the colluvium provide ages of 
380 ± 25 yr BP (Wk5263) and 360 ± 50 yr BP (Wk54489). 
These ages immediately post-date the rupture recorded in 
the trench. Yetton et al. (1998) infer that this rupture 
presents the last event on the Alpine Fault at this location. 
The timing of the event is further constrained by the 
presence of a small landslide from the fault scarp that 
buries the trenched fault furrow and is not faulted, 
indicating that it post-dates the rupture that formed the 
furrow. Ring counts from trees growing on the landslide 
demonstrate that this fault trace has not ruptured in the 
last ~300 years (Yetton et al., 1998). Based on this evidence 
the last rupture of the Alpine Fault at this location was in 
1601-1110 A.D. (Figure 2). 
 
Haupiri River: A hand-dug pit was located across the only 
surface trace of the Alpine Fault immediately north of the 
Haupiri River, where the toe of a small landslide from the 
fault scarp has been offset from the scarp by 5 m - 6 m 
(Yetton et al., 1998) The trench stratigraphy reveals 
sheared gravels that are overlain by un-faulted scarp 
derived colluvium, which in turn is overlain by brown 
peat. Yetton et al. (1998) infer that this sequence records 
the last rupture of the Alpine Fault. CRAs of 210 ± 50 yr 
BP (Wk5529) from twigs and leaves trapped within the 
shear, and 134 ± 46 yr BP (Wk5379) from twigs and small 
branches from the base of the colluvium, provide 
bounding age constraint for the most recent rupture at 
this location. The modelled age for the last rupture at 
Haupiri River is 1843-1689 A.D (Figure 2). 
 
Kokatahi River: On the northern bank of the Kokatahi 
River the Alpine Fault has two recent surface traces that 
were both trenched by Yetton et al. (1998). The trench 
stratigraphies are similar to those at Toaroha River and 
are characterised by alluviums, overbank silts, and 
colluviums. Both trenches record shear that relates to at 
least the last two ruptures at this location. Maximum age 
constraint for the timing of the penultimate earthquake 
is derived from two CRAs from Kokatahi 1 trench 
extracted from deposits faulted by two ruptures. The first 
is a CRA of 490 ± 40 yr BP (Wk 5470) from a M. umbellata 
log that had sapwood removed by river abrasion and was 
extracted from flood channel sands and the second is a 
CRA of 120 ± 40 yr BP (Wk 5471) from a D. dacrydiodes 

root that had its upper termination sheared and was in 
growth position within the flood channel sands. 
Maximum age constraint for the most recent rupture is 
provided by a CRA from the Kokatahi 2 trench of 220 ± 40 
yr BP (Wk5473) from a piece of decayed M. umbellata 
branch extracted from a soil breccia interpreted to have 
formed as a product of liquefaction during the MRE. 
Minimum age constraint for the latest rupture is provided 
by a CRA of 93 ± 40 yr BP (Wk5469) from a small stump in 
growth position that was buried by flood channel sands 
that are inferred by Yetton et al. (1998) to postdate the 
last rupture. The modelled ages for the last two 
earthquakes at Kokatahi River are 1845-1703 A.D. and 
1814-1684 A.D. (Figure 2). 
 
Toharoa River: Two trenches were excavated across the 
surface trace of the frontal thrust of the Alpine Fault at 
the Toharoa River (Yetton et al. 1998). The stratigraphy 
of the Toharoa 1 trench is characterised by sequences of 
alluvium, overbank silts, colluvium and buried soils that 
have been sheared in at least two ruptures. Temporal 
constraint on the timing of these ruptures comes from 
both trenches. A CRA of 250 ± 50 yr BP (Wk5511) from 
root material within fluvial sands that was faulted by the 
shear caused by the penultimate rupture provides a 
maximum age for the most recent two ruptures. A branch 
extracted from scarp-derived colluvium that is faulted by 
a shear that reaches the surface provided a CRA of 166 ± 
42 yr BP (Wk5512) and post-dates the penultimate 
rupture while pre-dating the most recent earthquake. 
Wood and charcoal collected from near the ground 
surface (Wk 5510) provided a post-1950 A.D. age. When 
modelled, the stratigraphic sequence and calibrated 
CRAs return ages of 1841-1687 A.D. for the most recent 
rupture and 1833-1624 A.D. for the penultimate rupture 
(Figure 2). Only the MRE is constrained by CRAs in the 
Toharoa 2 trench. The modelled age for this event is 
1844-1696 A.D., which is consistent with the event 
chronology for Toharoa 1 (Figure 2). 
 
CONCLUSIONS 
 
The review of existing on-fault paleoseismic data from 
trenches on the North Westland section of the Alpine 
Fault reveals the possibility that the MRE on this section 
occurred more recently than the 1717 A.D. great 
earthquake. Four out of seven trench sites contain 
evidence that is consistent with a post-1717 A.D. 
rupture, one provides inconclusive evidence, and two 
sites seem to preclude post-1717 A.D. rupture. The 
reanalysed chronologies do not support a MRE that 
involved a ~250 km long rupture of the fault in ~1620 
A.D. and point instead to complex rupture behaviour on 
this section of the fault over the last 500 years. There is 
obviously a need for further on-fault and off-fault 
investigations to constrain the timing of the MRE on this 
section. Future studies must involve excavations across 
all active traces in sedimentary environments that 
facilitate accurate dating of earthquakes. 
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Late Quaternary activity of the Dangjiang fault, Central Tibetan Plateau 
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Abstract: The left-lateral strike-slip Dangjiang fault, which strikes NWW and extends over a length of 180km, is located at the 
westernmost of the Ganzi-Yushu fault zone between Bayan Har block and Qiangtang block in the central-eastern Tibetan 
Plateau. Due to the remoteness and high altitude, the late Quaternary activity of the Dangjiang segment is poorly understood 
compared with other segments within the Ganzi-Yushu Fault system. Based on the interpretation of remote sensing images and 
field investigations, this fault has a clear geomorphic expression which is characterized by prominent surface rupture zone, fault 
scrap and systematically offset gullies, fluvial terraces and alluvial fans along strike. We identified an 85km-long surface rupture 
zone produced by most recent large seismic event (1738 earthquake) with a maximum 5m of co-seismic displacement based on 
the offset of gullies on the alluvial fan surface, this earthquake might be of moment magnitude 7.5 according to relative empirical 
equations. The late Quaternary left lateral slip rate of this fault was estimated to be about 6.7~7.8mm/a according to typical 
gullies and alluvial offset and corresponding ages. The result is consistent with those obtained from long-term geological 
evidence and GPS derived estimates. This slip rate combined with the maximum co-seismic displacement of 5m estimates the 
recurrence interval of such great earthquake (M 7.5) is about 640~750a. This study provides basic data for the seismic hazard 
assessment of the Ganzi-Yushu fault in central Tibetan Plateau. 
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Abstract: The left-lateral strike-slip Dangjiang fault, which strikes NWW and extends over a length of 180km, is located at the 
westernmost of the Ganzi-Yushu fault zone between Bayan Har block and Qiangtang block in the central-eastern Tibetan 
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gullies and alluvial offset and corresponding ages. The result is consistent with those obtained from long-term geological 
evidence and GPS derived estimates. This slip rate combined with the maximum co-seismic displacement of 5m estimates the 
recurrence interval of such great earthquake (M 7.5) is about 640~750a. This study provides basic data for the seismic hazard 
assessment of the Ganzi-Yushu fault in central Tibetan Plateau. 
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Abstract: Luminescence (OSL) dating is a technique able to measure the time elapsed since the last exposure to sunlight, hence 
the burial age of sediment. It has a wide range of application in geology. A key obstacle for dating, here, is an effect called < 
partial bleaching >. At < time zero >, when the sediment is for the last time eroded, transported and buried, the luminescence 
age of this sediment has to be zero. If not, then the calculated age for a buried sediment will appear as too old, older than 
what should be expected. This is an issue that will be explained during the presentation. It will also offer brief examples taken 
from seismic areas. 
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Abstract: The south Leader Fault (SLF) is a newly documented active structure that ruptured the surface during the Mw 7.8 
Kaikoura earthquake. The Leader Fault is a NNE trending oblique left lateral thrust that links the predominantly right lateral ‘The 
Humps’ and Conway-Charwell faults. The present research uses LiDAR at 0.5 m resolution and field mapping to determine the 
factors controlling the surface geometries and kinematics of the south Leader Fault ruptures at the ground surface. The SLF zone 
is up to 2km wide and comprises a series of echelon NE-striking thrusts linked by near-vertical N-S striking faults. The thrusts are 
upthrown to the west by up to 1 m and dip 35-45°. Thrust slip surfaces are parallel with Cretaceous-Cenozoic bedding and may 
reflect flexural slip folding. By contrast, the northerly striking faults dip steeply (65° west- 85° east), and accommodate up to 3m 
of oblique left lateral displacement at the ground surface and displace Cenozoic bedding. Some of the SLF has been mapped in 
bedrock, although none were known to be active prior to the earthquake or have a strong topographic expression. The 
complexity of fault rupture and the width of the fault zone appears to reflect the occurrence of faulting and folding at the ground 
surface during the earthquake. 
 
Key words: Kaikoura Earthquake, North Canterbury, Fault Kinematics, Fault Geometries, Transpressive Structures 
 
 
INTRODUCTION 
 
The November 14th Mw 7.8 Kaikoura earthquake ruptured 
at least 14 faults of varying orientations, ages, geometries, 
kinematics, and total displacements (Hamling et al., 2017; 
Litchfield et al., 2017; unpublished data). The earthquake 
nucleated near the township of Waiau propagated to the 
northeast and produced slip on a complex network of faults 
in both the North Canterbury Domain (NCD) and 
Marlborough Fault System (MFS). The MFS and NCD are 
accommodating transpressive deformation in response to 
oblique convergence of the Pacific and Australian plates 
(Nicol et al., 2017). The Leader Fault, which is in the NCD, is 
predominantly a left-lateral oblique thrust that has a general 
strike of NNE and links ‘The Humps’ and Conway-Charwell 
faults. The southern part of the Leader Fault (SLF) is the focus 
of this study (Figure 1). 
 
While there are other well documented transpressive 
structures in an overall-all strike-slip zone (i.e. California, 
Mongolia), the detailed geometries, surface expressions 
and slip within the SLF remains largely unexplained by 
international models. Historically, events that ruptured 
complex fault networks (The El Mayor Cucupah 
Earthquake; Gonzolez-Ortega et al. 2010; Fletcher et al., 
2016) produced larger ruptures and displacements than 
would be expected for a single isolated fault. To improve 
our understanding of events that may rupture multiple 
faults, it is necessary to determine the main factors that 
influence the geometry, kinematics, and slip distribution 
for any given surface rupture. 
 
The primary objective of this research at present is to 
analyse the slip, geometries, and kinematics of the SLF 
gathered from field work offset measurements, RTK 

surveying and bedrock mapping) and terrestrial LiDAR at 
0.5 m resolution. These data will be used to produce a 
kinematic model of the SLF which accounts for both the 
local complexities and regional tectonics. The results will 
be compared to and conditioned by international studies 
in transpressional settings. 
 

 
Figure 1: A) The Plate Boundary and motion vectors of New 
Zealand, DeMets et al.,1994. B) Digital elevation model depicting 
the position of the South Leader Fault (green circle) within the 
geological setting of the Mw 7.8 Kaikoura earthquake, where 
active faults are white lines and black lines are ruptures resulting 
from the Kaikoura Earthquake. 
 
DICSUSSION 
 
The Leader Fault is primarily left-lateral reverse with an 
overall NNE strike. The fault zone has an end-to-end strike 
length of ~22 km from a free tip in the south to its 
intersection with the Conway-Charwell Fault in the north. 
The SLF forms a complex zone up to ~3 km wide with strike 
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varying through 180° and dips from 60° east to 25° west 
along the fault. Prior to the earthquake it had been 
mapped as a bedrock fault forming a Torlesse basement to 
Greta Siltstone Formation contact and also within the 
Greta Siltstone (Warren, 1993; Rattenbury et al., 2006). 
The fault was neither mapped in Torlesse basement nor 
mapped as active before the earthquake and, at the time 
of writing, no active fault scarps have been mapped which 
pre-dated the earthquake. 
 
The SLF comprises faults striking NE and dipping at shallow 
angles (20-40°) to the northwest interspersed with parts of 
the fault that strike to the north and dip steeply (e.g., >60°; 
Figure 2). Shallow dipping parts of the fault have irregular 
rupture-trace geometries which, in part, reflect the 
interplay between the low fault dips and topography. 
These shallow faults are often located at the contact 
between basement and Cretaceous-Cenozoic cover rocks 
and/or at the base of the GretaSiltstone Formation They 
appear to accommodate bedding-parallel slip, perhaps 
associated with flexural-slip folding of the Cretaceous-
Cenozoic sequence. The steep north-striking parts of the 
SLF are generally contained within the Miocene Greta 
Siltstone Formation. 
 

 
Figure 2: The Waiau Wall of Woodchester: a ~3m vertical 
displacement (Photo by Dr. Kate Pedely). 
 
Slip on the SLF during the earthquake increased in a non-
linear fashion northwards from the southern tip of the fault. 
Over the southern 4 km of the fault, maximum vertical and 
horizontal slip was 1m and 0.7m, respectively, upthrown to 
the west. Where strike slip is observed on these southern 
traces it is left lateral, although there are limited exposures 
where horizontal displacements can be accurately 
measured. To the north, the SLF is characterized by much 
larger displacements, where a maximum vertical and 
horizontal displacement are 3.4m and 2.5m, respectively. At 
the Waiau Wall locality (Figure 2), the faults displace the 
Miocene Greta Siltstone Formation and slip is close to its 
maximum in the study area. 
 
The complexity of fault rupture and the width of the fault 
zone was unexpected. Our ability to map this complexity 
has been aided by a lack of vegetation in the study area and 
the availability of LiDAR-derived DEM. In the absence of 
these data and after several hundred years of surface 
processes (e.g., erosion/burial) many of the surface 

ruptures would be undetectable. In the study area the 
complexity of surface ruptures appears to reflect a number 
of factors, including the occurrence of faulting and folding 
(associated with flexural slip) at the ground surface during 
the earthquake. 
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Abstract: After the 2011 Tohoku-oki earthquake and tsunami, the significance of tsunami deposit research was elevated, and tsunami 
deposit surveys were increased worldwide. The 2011 Tohoku-oki tsunami was investigated from various research viewpoints, and 
valuable information about the 2011 tsunami and its deposits was obtained. However, the long-term tsunami history along the Pacific 
coast in the Tohoku region (Sanriku Coast) before the 2011 event was not well known. Thus, paleo-tsunami deposit surveys have been 
conducted at several sites along the Sanriku Coast since 2012. Based on these surveys, long-term tsunami history was revealed and 
paleo-tsunami frequency and magnitude was estimated. Information regarding these events is significant not only for revealing the 
mechanism of tsunami generation but also for assessing the tsunami and earthquake hazard and risks along the Pacific coast of 
northeast Japan. 
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INTRODUCTION 
 
The Sanriku Coast (Fig. 1), a part of the Pacific coast in the 
Tohoku region, has been known for large and frequent 
tsunami disasters over the last hundred years (e.g., the 
1960 Chile tsunami, the 1933 Showa Sanriku tsunami, and 
the 1896 Meiji Sanriku tsunami). However, the scale of the 
huge and devastating Tohoku-oki earthquake and tsunami 
in 2011 was unexpected. Before the 2011 event, there was 
insufficient information on long tsunami history (on the 
order of 103 years), and this area was considered 
inappropriate for finding tsunami deposits owing to its 
geomorphological characteristics (ria coast with a narrow 
coastal lowland) and recent artificial modification. 
 
After the 2011 event, information on historical and paleo-
tsunami history was considered increasingly necessary to 
evaluate earthquake and tsunami hazards and to mitigate 
risks; therefore, tsunami deposit surveys were conducted 
more commonly worldwide. Along the Sanriku Coast, 
historical and paleo-tsunami deposits were found by 
Ishimura & Miyauchi (2015, 2017) and Ishimura (2017) and 
by other researchers (Goto et al., 2015; Takada et al., 
2016). However, long-term tsunami history was not well 
known, and the known tsunami deposits were not 
correlated to remote areas (e.g., Hokkaido and Sendai). In 
this paper, the author shows results of tsunami deposit 
surveys and presents conclusions on tsunami history, 
frequency and magnitude along the Sanriku Coast. 
 
KOYADORI, CENTRAL SANRIKU COAST 
 
In Koyadori (Fig. 1), a trench survey, drilling survey, and Handy 
Geoslicer survey were conducted (Ishimura & Miyauchi, 2015; 
Ishimura et al., 2014, 2015). In the Koyadori trench (12 m long, 
3 m wide, and 2 m deep), 11 historical and paleo-tsunami 
deposits (E1–E11 deposits) were found in the marsh 
sediments dated from ca. 4000 cal. BP (Fig. 2). They are 
traceable in the trench, and the E1–E4 deposits, particularly, 
were widely distributed in the Koyadori lowland according to 
the Handy Geoslicer survey (Ishimura et al., 2015). Recently, 

Ishimura (2017) re-examined the ages of the tsunami deposits 
to obtain a reliable correlation with historical tsunamis and to 
reveal the accurate ages of paleo-tsunami deposits using 
radiocarbon dating and other radiometric methods (137Cs and 
excess 210Pb). The new analysis provided reliable ages for 10 
historical and paleo-tsunami deposits. Several tsunami 
deposits may be correlated with those of Takada et al. (2016), 
which conducted a tsunami deposit survey along the entire 
Sanriku Coast. The average recurrence interval of historical 
and paleo-tsunamis in the last 4 ka is 350–390 years, and each 
recurrence interval between the E4 and E11 deposits is similar 
despite the fact that the tsunami deposits exhibit different 
characteristics. In Koyadori, far-field tsunamis (e.g., the 1960 
Chile tsunami) were not expected according to observation 
and topography (5 m high beach ridge), and thus, tsunami 
deposits at this site are more likely to reflect the near-field 
tsunami history and frequency. Therefore, the Koyadori site 
can be considered a type location for the near-field tsunami 
history along the Sanriku Coast and may enable us to compare 
the ages and frequency of tsunami deposits in other Pacific 
coast areas (e.g., Hokkaido and Sendai). 
 

 
Figure 1: Tectonic setting and topography around the Sanriku Coast. 
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were widely distributed in the Koyadori lowland according to 
the Handy Geoslicer survey (Ishimura et al., 2015). Recently, 

Ishimura (2017) re-examined the ages of the tsunami deposits 
to obtain a reliable correlation with historical tsunamis and to 
reveal the accurate ages of paleo-tsunami deposits using 
radiocarbon dating and other radiometric methods (137Cs and 
excess 210Pb). The new analysis provided reliable ages for 10 
historical and paleo-tsunami deposits. Several tsunami 
deposits may be correlated with those of Takada et al. (2016), 
which conducted a tsunami deposit survey along the entire 
Sanriku Coast. The average recurrence interval of historical 
and paleo-tsunamis in the last 4 ka is 350–390 years, and each 
recurrence interval between the E4 and E11 deposits is similar 
despite the fact that the tsunami deposits exhibit different 
characteristics. In Koyadori, far-field tsunamis (e.g., the 1960 
Chile tsunami) were not expected according to observation 
and topography (5 m high beach ridge), and thus, tsunami 
deposits at this site are more likely to reflect the near-field 
tsunami history and frequency. Therefore, the Koyadori site 
can be considered a type location for the near-field tsunami 
history along the Sanriku Coast and may enable us to compare 
the ages and frequency of tsunami deposits in other Pacific 
coast areas (e.g., Hokkaido and Sendai). 
 

 
Figure 1: Tectonic setting and topography around the Sanriku Coast. 
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Figure 2: Photograph of a trench wall at Koyadori. The grid size is 
50 cm. 
 

 
Figure 3: Handy Geoslicer cores from the trench floor at Onuma. 
This is modified after Ishimura and Miyauchi (2017). 
 
ONUMA, SOUTHERN SANRIKU COAST 
 
In Onuma (Fig. 1), a trench survey, drilling survey, and 
Handy Geoslicer survey were conducted (Ishimura & 
Miyauchi, 2017). At this site, the first wave of the 2011 
Tohoku-oki tsunami passed over a hill from the north coast 
and inundated Onuma. Subsequently, another tsunami 
wave inundated Onuma again from the south coast. In the 
Onuma trench (13 m long, 3 m wide, and 2 m deep), only 
the 2011 tsunami deposits were found owing to thick 
artificial deposits. Therefore, the Handy Geoslicer survey 
was conducted on the trench bottom to observe deeper 
sediments. They found six tsunami deposits (S1–S3 and 
G1–G3 deposits) and two tephras (To-a (AD915) and To-Cu 
(6 ka); Machida and Arai, 2003) in the Handy Geoslicer 
cores (Fig. 3). The tsunami deposits were dated at 690–
1040 BP (S1), 2240–3310 BP (G1), 3320–3630 BP (G2), 
3620–4060 BP (G3), 4030–4400 BP (S2), and 4440–5570 BP 
(S3). Tsunami deposits were divided into two types (sandy 
(S1–S3) and gravelly (G1–G3) tsunami deposits). Ishimura 
& Miyauchi (2017) noticed the differences in beach 

conditions along the north and south coasts and 
interpreted that the sandy tsunami deposits were 
composed of beach ridge and sand dune deposits from the 
south coast and that the gravelly tsunami deposits were 
composed of beach gravel deposits from the north coast. 
Next, they estimated the heights of the paleo-tsunamis as 
5–10 m for sandy tsunami deposits and >10 m for gravelly 
tsunami deposits based on sources of the tsunami deposits 
and behavior of the 2011 tsunami (Fig. 4). They additionally 
demonstrated the use of paleo-environmental 
reconstruction, based on macro- and micro-fossil analysis, to 
evaluate the preservation potential and accommodation 
space available for tsunami deposits using long drilled cores. 
 

 
Figure 4: Schematic illustrations of two types of tsunami processes. 
Arrows indicate tsunami direction and relative flow speed. This is 
modified after Ishimura and Miyauchi (2017). 
 
CONCLUSIONS 
 
The author identified tsunami deposits and establised 
tsunami histrories at two sites on the Sanriku Coast. At 
Koyadori, the 11 historical and paleo-tsunami deposits since 
ca. 4 cal. kyr BP were identified, indicating high-frequent 
tsunami occurrence. At Onuma, the 6 tsunami deposits from 
1 to 6 cal. kyr BP were found and their deduced sources 
enabled us to estimate the height of paleo-tsunamis. The 
author’s and other researchers’ exhaustive tsunami deposit 
research along the Sanriku Coast after the 2011 event 
revealed many distinguishable underground tsunami 
deposits and appropriate sites for tsunami deposit surveys 
along the coast, which was earlier regarded as inappropriate 
for tsunami deposit research. All the researchers since 2011 
considered the topography and behavior of the 2011 event 
to determine study sites. Therefore, site selection is one of 
the most important considerations for finding and 
distinguishing tsunami deposits. Moreover, the preservation 
potential and availability of accommodation space are also 
important for assessing the reliability of the number of 
tsunami deposits. Comprehensive approaches are necessary 
for obtaining objective evidence. New problems such as the 
criteria for correlating tsunami deposits in remote areas and 
for evaluating their ages will be considered in future studies. 
The present and future problems related to tsunami deposit 
research need to be overcome to better understand the 
hazards and risks tsunamis pose. 
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Abstract: Recently, an earthquake of ML=5.8 hit Gyeongju area on September 12, 2016, which is the largest instrumentally 
earthquake recorded in South Korea. Some buildings and houses in villages around the epicentre were severely damaged, 
providing an opportunity to evaluate the potential hazards and character of destruction that occurs to buildings of specific 
construction and materials, known underlying foundation properties (sediment or bedrock character) and instrumentally 
recorded parameters (magnitude, epicentre, depth) of the causal earthquake event. During this study, damaged buildings and 
houses were investigated, described and recorded with the aim to characterize the damage and determine related controlling 
factors. The distribution of damaged buildings was found to be relatively scattered rather than concentrated around the 
epicenter. This may be related to the focal depth, which was about 14-16 km deep. The overall area of influence was within 17 
km radius from the epicentre, suggesting that the area influenced by ground motion is almost the same as the focal depth, which 
is concentrated. The damaged buildings have different damage patterns depending on their building structures, material 
property and seismic design. In one small village, we found wholly different degrees of damages for buildings and houses. After 
an electrical resistivity survey to assess the local geologic conditions, it was shown that the more heavily damaged area 
corresponded with construction on unconsolidated alluvium. This information will be useful for the construction code of 
reinforcement design and earthquake hazard studies. 
 
Key words: Gyeongju earthquake, earthquake damage, focal depth, damaged building, local geologic condition 
 
 
INTRODUCTION 
 
In recent decades large earthquakes have caused major 
loss-of-life and extreme property damage worldwide, and 
projected population growth combined with urbanisation 
suggest this trend will continue (Wisner et al., 2008; EM-
DAT, The International Disaster Database, 2011; Doocy et 
al., 2013). The Korea Peninsula is commonly considered to 
be tectonically stable compared to neighbouring Japan and 
Taiwan because it is located within the Eurasian 
intracontinental region (e.g. Kim et al. 2004). However, 
more than 60 potentially active Quaternary faults have 
been reported along the Yangsan and Ulsan faults in 
southeast Korea (Fig. 1). 94 historical earthquakes 
recorded above magnitude of 5 around Gyeongju were 
reported in historical records (e.g. Samguksagi, Koryeosa, 
etc.). Recently, an earthquake (ML=5.8) hit the Gyeongju 
area, which is the largest earthquake since the onset of 
modern instrumental recording in South Korea. Many 
buildings and houses were damaged during the event (Kim 
et al., 2017). 
 
In this study, we investigated the damage patterns of the 
buildings to understand controlling factors associated with 
earthquake hazards, such as relationship between damage 
distribution and focal depth, difference of damage 
patterns on building structures, and local soil and geologic 
conditions. Although it is difficult to estimate the exact 
relationship between earthquake damages and any certain 
controlling factor, it will provide useful information for 
preparing for future earthquake events. 
 

 
Figure 1: Geologic and structural map of the study area (modified 
from Chough and Sohn, 2010). Red dots indicate the Quaternary 
fault sites. Fault plane solution for the 2016 Gyeongju earthquake 
(ML=5.8) constrained by first-motion solution.  
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DISTRIBUTION OF THE 2016 GYEONGJU EARTHQUAKE 
DAMAGES 
 
Generally, the focal depth affects the amount of shaking 
during an earthquake event (Keller and DeVecchio, 2016). 
Seismic waves from deep earthquakes should travel a 
greater distance to the surface, losing some of their energy 
along the way. It means that shallower focal depth events 
will correspond to more intense shaking while deeper focal 
depths should result in less shaking. While deeper 
earthquakes may be less damaging, they are felt for a 
greater distance. For example, in 2016 a strong earthquake 
(M=6.2) with a shallow focal depth (4.0-9.6 km), hit Pescara 
del Tronto, Italy, killing many people and destroying a 
number of buildings (Masi et al., 2016). A bigger 
earthquake (M=6.8), hit Bagan, Myanmar the same year 
with a deeper focal depth (~85 km).  The earthquake 
resulted in lower relative loss-of-life and property damage 
despite its larger magnitude (Zaw et al., 2017). 
 
Many buildings and houses were severely damaged during 
the 2016 Geyongju earthquake in villages around the 
epicenter (Fig. 2). Some big cities, located around the 
Gyeongju, were also affected by the earthquake. However, 
the distribution of damaged buildings is relatively 
scattered rather than concentrated around the epicenter 
(Fig. 2). The serious ground motion and associated 
damages effected by the earthquake are mainly 
concentrated within 17 km radius area from the epicenter 
(Fig. 2). It indicates that the distribution of damages 
associated with the 9.12 Gyeongju earthquake may be 
closely related to the focal depth. Furthermore, according 
to media reports, when the earthquake occurred, it was 
felt nearly everywhere in Korea, and some reports were 
received from China and Japan.   
 

 
Figure 2: Distribution map of damaged buildings and houses 
associated with the 9.12 Gyeongju earthquake. 
 

DAMAGE PATTERNS OF BUILDINGS AND HOUSES 
DEPENDING ON THEIR BUILDING STRUCTURES 
 
Field investigations of damaged buildings and houses 
following an earthquake is one of the most fundamental 
activities completed to enhance earthquake protection 
strategies (Okada and Takai, 2000). We carried out field 
investigation on destroyed buildings and houses after the 
9.12 Gyeongju earthquake around the epicenter. The types 
of buildings and houses were divided into categories based 
on their building structures, such as reinforced concrete 
frame buildings, reinforced concrete confined masonry, 
unreinforced and unconfined masonry, vernacular and 
historical constructions. 
 
Reinforced concrete frame buildings had the least damage 
from the earthquake. Buildings constructed in this manner 
consisted of schools, hospitals, government buildings, 
hotels, and business buildings. There are many historical 
heritage and traditionally constructed buildings and 
houses, because Gyeongju is the old capital city of Silla 
Dynasty (57 BC – 935 AD). Some buildings have been 
maintained for over 1000 years. For this reason, Gyeongju 
is one of the most famous tourist cities in South Korea. 
Most of severe damages occurred on unreinforced and 
unconfined masonry, vernacular, and traditional 
construction (Fig. 3). In particular, wooden frame houses 
with lightweight roof tiles and fences built out of stone and 
mud (Fig. 4) were the most vulnerable to the earthquake 
shaking. This indicates that the different amount of 
damages and damage patterns are strongly dependent on 
the building structures, materials, and seismic design. 
 

 
Figure 3: Damages associated with unreinforced and unconfined 
masonry constructions of old styled houses by the 9.12 Gyeongju 
earthquake (ML=5.8). 
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Figure 4: Damages of lightweight roof tiles with mud and stone 
fence with mud by the9.12 Gyeongju earthquake (ML=5.8). 
 
DAMAGED BUILDINGS AND HOUSES DEPENDING ON 
LOCAL SOIL AND GEOLOGICAL CONDITIONS 
 
In general, local soil and geological conditions can cause 
changes in the amplitudes, spectral content, duration of 
strong earthquake ground motion, and ultimately the 
resulting damage to man-made structures (Trifunac, 2016). 
During the field investigation on damage patterns of buildings 
and houses, we found wholly different damage intensities 
depending on the specific location in a small village, Bandong 
Village (Fig. 5). Although the buildings have even similar 
building structures and materials, the damages are entirely 
different between the northern (Fig. 5a, c, e, g) and southern 
(Fig. 5b, d, f, h) areas in the village. The damages are more 
serious in the southern area than in the northern area. 
 

 
Figure 5: Damage patterns in a small village, Bandong Village, by 
the 9.12 Gyeongju earthquake (ML=5.8). Photographs show wholly 
different damage intensities even with similar building structures 
and materials. 

 
To identify the causes, we carried out electrical resistivity 
surveys across the village’s alluvium surface. Two lines 
(Line A and Line B) were set up with a length of 280 m in 
northern and southern areas, respectively (Fig. 6a).  Based 
on the exploration result, the depth of the alluvium in the 
northern and southern parts is different (Fig. 6b). The 
depth of the alluvium along the Line A is about 5-20 m, 
whereas it is about 15-50 m along the Line B. The alluvium 
along the Line B is twice as deep than the alluvium deposits 
along Line A (Fig. 6b). Therefore, it indicates that local soil 
and geological conditions changed the amplitudes and 
duration of earthquake motion, causing different damages 
to man-made buildings. 
 

 
Figure 6: The electrical resistivity exploration on the alluvium in the 
Bandong Village. (a) Location map of designed exploration lines. 
(b) The exploration result of the two lines. It shows the difference 
of alluvium thickness. 
 
DISCUSSION 
 
Historical records on earthquake in Korea exist from 2 AD 
to the present, and can be classified according to three 
historical time periods; 1) Three Kingdoms (18 BC – 918 AD), 
2) Koryeo Dynasty (918 – 1392 AD), and 3) Choseon 
Dynasty (1392 – 1911 AD). In particular, 105 earthquakes 
recorded in the period of Three Kingdoms, most of these 
earthquakes were concentrated on the capital cities of the 
Three Kingdoms such as Guknaeseong, Pyeongyang, 
Hansan, Booyeo, and Gyeongju.  This result may partly 
attribute to relatively systematic reporting and recording 
system in old capital cities. The Gyeongju city was the 
capital city of the Silla Dynasty (Three Kingdoms) during the 
period of almost 1,000 years. Thus, it contains many 
historical heritage sites and a well organized reporting and 
recording system. According to historical records, the city 
experienced many large earthquakes resulting in extensive 
damage to the heritage sites of the Silla Dynasty. Recently, 
an archaeoseismological studies have been reported on 
the historical heritages in Gyeongju area (Jin et al., 2009, 
2011). However, it is unique scientific study on historical 
heritages associated earthquake events. Therefore, 
additionally intensive studies on the historical heritages 
must be conducted focusing on the archaeoseismic 
evidences potentially documented in Gyeongju area. 
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attribute to relatively systematic reporting and recording 
system in old capital cities. The Gyeongju city was the 
capital city of the Silla Dynasty (Three Kingdoms) during the 
period of almost 1,000 years. Thus, it contains many 
historical heritage sites and a well organized reporting and 
recording system. According to historical records, the city 
experienced many large earthquakes resulting in extensive 
damage to the heritage sites of the Silla Dynasty. Recently, 
an archaeoseismological studies have been reported on 
the historical heritages in Gyeongju area (Jin et al., 2009, 
2011). However, it is unique scientific study on historical 
heritages associated earthquake events. Therefore, 
additionally intensive studies on the historical heritages 
must be conducted focusing on the archaeoseismic 
evidences potentially documented in Gyeongju area. 
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According to historical records, large earthquake events 
occurred around the Gyeongju and neighbouring cities. 
However, surface ruptures or faults corresponding with 
large earthquakes have not been reported in Gyeongju 
area. Hence, intensive paleoseismological investigation for 
the active faults triggerred large historical earthquakes 
should be studied in or around Gyeongju city. 
 
CONCLUSION 
 
During the 2016 Gyeongju earthquake, a lot of buildings 
and houses were severely damaged. We found several 
characteristics of damages and related controlling factors 
to the damages throughout the detailed investigation on 
damaged buildings. 
 
Firstly, broadly scattered damaged buildings and houses 
may be related with the relative deep focal depth of the 
earthquake. Secondly, the strongly different damage 
patterns are dependent on their building structures, 
materials, seismic design, and etc. Thirdly, it is well known 
that local soil and geological conditions can cause severe 
damages to man-made buildings changing the amplitudes 
and durations of earthquake ground motion.  
 
Although we think these points are the main controlling 
factors to the earthquake damages by the 2016 Gyeongju 
earthquake, probably there are some other factors to be 
considered. Finally, this information will be helpful for 
future earthquake hazard assessment and anti-earthquake 
design. 
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Abstract: The north-western Alps foreland (Jura Mountains) is considered as still experiencing distal effects of the Alpine collision, 
resulting in a moderate but significant seismicity. This study focuses on the Culoz strike slip fault, developing from the Jura 
Mountains to the West, to the Chautagne swamp and through Lake Le Bourget to the East. Because erosion and anthropogenic 
activities erased most of the potential geological markers of quaternary deformations on land, we used high resolution seismic 
imaging to detect and characterize active faulting in the Quaternary sediments of the Bourget post-glacial Lake. The well-
stratified character of the lake infill is locally disturbed by tectonic deformations associated with the activity of the left lateral 
Culoz fault as well as gravity reworking. Taking into account the age of the sediments (based on core samples), a quantification 
of the observed deformations together with the analysis of a well preserved outcrop on land, attest for fault slip-rates ranging 
from 0.055 to 3.11 mm/yr, the latter being surprisingly high in comparison with what we know elsewhere in France. A 
comparison with core-drills obtained in the neighboring lakes (Beck, 2009) allows us to envisage a non-stable seismic activity 
along the fault through time, and to propose a dominant control of the deglaciation on the observed fault slip-rates. 
 
Key words: Jura Mountains, fault slip rate, Culoz fault, earthquake recurrence. 
 
 
INTRODUCTION 
 
The north-western Alps foreland and the Jura Mountains 
(Fig. 1) are classically considered to register moderate 
deformations induced by the anticlockwise rotation of the 
Adria microplate relative to stable Eurasia (Biju-Duval et al., 
1977; Vigny et al, 2002; Nocquet et al., 2012). In addition to 
this kinematics, the fast disappearance of the Last Glacial 
Maximum (LGM) glacial cover and the mass transfer 
following the LGM may have significantly enhanced 
seismicity and gravity instabilities through unloading effects 
(Beck et al., 1996; Vernant et al., 2013). 
 
Because erosion and anthropogenic activities erased most of 
the potential geological markers of Quaternary 
deformations on land, we used high resolution seismic 
imaging to detect and quantify active faulting in the 
Quaternary sediments of the Bourget post-glacial Lake, 
located along the eastern tip of the Culoz strike slip fault (De 
La Taille et al., 2015). The obtained data are analysed in the 
light of previous works describing the sedimentological infill 
of both Le Bourget and nearby Annecy Lakes (Van Resbergen 
et al., 1999, Chapron, 1999; Beck, 2009). 
 
NEOTECTONIC SETTINGS 
 
In southern Jura, the tectonic activity appears 
concentrated along NW–SE left lateral strike slip faults, 
such as the Culoz Fault and the Vuache Fault (Figure 1). The 
Culoz Fault extends from the internal Jura to the west 
(Figure 1) to the Chautagne swamp and Lake Le Bourget to 
the East. Historical earthquakes are known in the vicinity 
of this fault, in particular the one that occurred in February 
1822 (Figure 1 and 2), with an epicentral intensity of VII–
VIII (Vogt and Godefroy, 1979). Concerning Lake Le 

Bourget, the Culoz fault locally influences the lake 
sediments by either in-situ disturbances or reworking 
events (see Beck, 2009). In particular, several circular 
depressions with concentric steps have been observed 
with sonar survey; they are 15 to 20 m wide, 1 to 2 m deep 
and affect up to 4.5 m of sediments. As they are close to 
the main known historical earthquake and affect the most 
recent unconsolidated sediments, they have been 
interpreted as “collapse craters”, which are common 
features related to massive and sudden fluid escape during 
seismic shaking (Chapron, 1999; Ledoux et al., 2010). 
 

 
Figure 1: Localisation of the Culoz and the Vuache left lateral strike 
slip faults (CF and VF, respectively) in the Alpine context. Main 
historic (SisFrance catalog) and instrumental (CEA/LDG catalog) 
seismic events are plotted. The focal mechanism related to the 1996 
Epagny event is also reported. Inset shows the study site in France. 
White arrows indicate the orientation of the maximum horizontal 
stresses in the Jura Mountains (from Becker et al., 2000). 
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Figure 2: Eastern termination of the Culoz fault as inferred from 
off-shore geophysics and on-shore data (De La Taille et al., 2015). 
The black star represents the epicentral location of the 1822 
earthquake as reported in the Sisfrance database. Location of 
figure 4 is reported on the map as well as the location of the 
seismic profiles presented in Figure 3. 
 
DATA ACQUISITION AND RESULTS 
 
A seismic survey was performed to image the suspected 
subaqueous (“offshore”) prolongation of the Culoz fault. 
The orientation of the navigation plan (Figure 2) was 
carried out based on land data, electrical resistivity 
tomography results, as well as on previous work on Lake Le 
Bourget. Two types of reflection-seismic sources were 
used, CENTIPED sparker (1.3 kHz frequency, 37-75 cm 
resolution, ≈200 m penetration) and Seistec boomer (2.5 
kHz frequencey, 10-20 cm resolution, ≈40 m penetration). 
 
High resolution seismic profiles in Lake Le Bourget show 
that the seismic signature of the Culoz fault is characteristic 
of strike–slip faulting negative (flower structure, Figure 3). 
Surficial fractures affect different paleo-surfaces of the 
lake infill, reaching locally the lake floor (Figure 3), and 
indicating a persistence of pre-LGM active tectonics. 
The most recent deformed sedimentary unit (in pink, figure 
3) consists of a sheet drape of low amplitude continuous 
reflections corresponding to the actual lake sedimentation 
(biological activity with little fluvial influences) since 
11,500 cal. BP. (Van Rensbergen et al., 1999). This stratified 
unit was then used to quantify slip rates along the fault 
based on vertical offsets and well constrained 
sedimentation rates (Figure 3). Indeed, since we do not 
have a direct view of the actual fault kinematics in offshore 
data we propose, in order to derive a range of possible 
Holocene slip rates, a hypothesis base on inland observed 
slickensides measured onto Mesozoic limestones, 
assuming that the measured pitch has been constant since 
Mio–Pliocene shortening times (10°± 5). This last point is 
strengthen by the discovery of an outcrop (Figure 4) in 
which interglacial sediments (≈50 ky) are faulted and show 
slickensides that are coherent with the long term 
kinematics of the fault. 

 

 
Figure 3: Interpreted seismic reflection profiles across northern 
Lake Le Bourget (location on Figure 2). Top: fault strands of the 
Culoz fault affecting different sedimentary layers (De La Taille et 
al., 2015). Bottom: most recent surface ruptures affecting the 
Holocen (pink layer). Zoom presenting where vertical deformations 
have been quantified. 
 
Results are reported in Table 1, with slip rates ranging from 
0.22 ± 0.01 mm/yr in case of pure vertical deformations, up 
to 1.9 ± 1.21 mm/yr when considering a major horizontal 
component. 

 

Rake Xv (m) Total slip 
(m) 

Time 
(years) Slip-rate 

Vertical 2.58 ± 
0.5 

Min=2.08 
Max=3.08 11,500 ± 150 Min=0.21mm/yr 

Max=0.23mm/yr 

10 ± 5° 2.58 ± 
0.5 

Min=8.03 
Max=35.3 11,500 ± 150 Min=0.69mm/yr 

Max=3.11mm/yr 
Table 1: Calculated possible fault slip-rates using offshore data. 
 
The only exposed outcrop highlighting recent faulted 
sediments allows making a comparison with the results 
obtained offshore (Figure 4). It consists in a succession of 
gravels, clays and sands, deposited along a polished 
limestone surface. These sediments contain well preserved 
vegetal remnants, used for C14 dating (age > 45.1 ky). In 
parallel, massive sand layers where sampled for OSL dating 
(43.2 ± 4.8 ky). 
 
The sediments are clearly affected by faulting, with a 
vertical displacement of 2.70 ± 0.05m. Sub-horizontal 
slickensides can be observed with a pitch of 15±5°, but 
without clear evidences of slip direction. However, both 
fault direction (N175°) and strike-slip component are 
coherent with active faulting as observed in the lake along 
the Culoz fault. 
 
We therefore calculated a range of fault slip rates as 
performed from offshore results. Results are reported in 
Table 2, with slip rates ranging from 0.058 ± 0.03 mm/yr 
(pure vertical deformations), and up to 0.25 ± 0.9 mm/yr 
when considering the observed slickensides. 
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Rake Xv 
(m) 

Total slip 
(m) 

Time 
(years) Slip-rate 

Vertical 2.70 ± 
0.05 

Min=2.65 
Max=2.75 

Min=45,100 
Max=48,000 

Min=0.055mm/yr 
Max=0.061mm/yr 

15 ± 5° 2.70 ± 
0.05 

Min=7.75 
Max=15.83 

Min=45,100 
Max=48,000 

Min=0.16mm/yr 
Max=0.35mm/yr 

Table 2: Calculated posible fault slip-rates using on-shore data. 
 

 
Figure 4: Fault outcrop at the southeastern tip of the Culoz fault. 
Interstadial sediments (MIS III) are faulted and vertically displaced 
by 2.7 meters. A pitch of 15 ± 5° was measured but without clear 
evidence of motion direction. OSL (White circle, 1 – sample BRI4) 
as well as C14 (White star, 2 – sample BRI2) dating’s provide ages 
constraints ranging from 45 to 53 ky. 
 
DISCUSSION 
 
In the Jura Mountains, evidences of active faulting were 
observed and described along the Culoz fault system. From 
the collected datasets, we calculated a wide range of 
possible fault slip-rates that we will discuss hereafter. 
 
Comparing the data obtained offshore and on land, we 
observe very similar vertical fault displacements. However, 
because of different ages obtained on the deformed 
sediments, the inferred slip rates differ by at least one 
order of magnitude. Different hypotheses may be drawn 
from these observations: 
(1) Different behavior of earthquake rupture at surface: in 

order to reconcile observations performed on land and 
offshore, we may argue that slip rates derived from 
strike-slip faulting onshore are coherent with those 
derived from vertical deformations offshore. This may 
be explained by very different rheological answers to 
strike slip faulting between consolidated and 
unconsolidated sediments; 

(2) Slip rates may be non-stationary through time. For 
instance, in case of punctual enhanced earthquake 
activity, fault slip rates may be coherent between our 
two observations despite highlighting very different 
ages; 

(3) Our observations concern different fault segments at 
different places along the fault. In this case it may be 
difficult to simply reconcile these observations. 

 
In comparison with what is known in metropolitan France, 
slip rates obtained along the Culoz fault (except for the 
lowest ones inferred on land, which are probably not 
reliable) will at least be among the highest ones ever 
described (Jomard et al., 2017), and possibly even faster if 
we consider offshore strike-slip scenarios. As an example, 
along the neighboring Vuache fault (VF, Figure 1), Baize et 
al., (2011) proposed horizontal slip rates ranging from 0.15 
to 0.28 mm/yr based on long term morphological markers. 
In comparison, such evidences are not as clear along the 
Culoz fault, which may attest of a lower long term slip rate. 
Hence, one should explain the evidence for these 
surprisingly high slip rates and figure out what kind of 
processes may be at work. 
 
First of all, non-tectonic processes may lead to 
deformations similar to earthquake-related ones. This can 
for example be the case after gravitational reworking of 
sediments, or by glaciotectonism. Even if it is not possible 
to completely rule out these hypotheses, both evidences 
of strike-slip faulting and their coherence along the fault 
militates in favor of a tectonic origin. In this case, data 
obtained by Beck et al. (1996) and discussed by Beck (2009) 
provide an alternative solution, keeping alive the seismic 
origin of the deformations, but their origin may at least 
partly be climatic. 
 

 
Figure 5: Time distribution of the sedimentary “events” observed in the 
CLIMASILAC core (from Beck, 2009) performed in the Annecy Lake. 
 
In a long core (43 m) performed in the neighboring Annecy 
Lake, the observation of an important decrease in 
earthquake-related reworking events (about 42 silty-sandy 
turbidites and grain flows, Beck et al., 1996, 2009 – Figure 
5) suggests a diminution of seismic activity through time 
after the pre-Holocene maximum. This observation could 
be interpreted as the strain decrease through time due to 
an unloading effect linked to ice melting and mass transfer 
following the last deglaciation. Then, if the earthquake 
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activity during the deglaciation was larger than today, we 
can propose the existence of a time dependent postglacial 
deformation along the Culoz fault, leading to the 
surprisingly high slip rates we inferred.  
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Abstract: Following the 14 November 2016 Mw 7.8 Kaikōura earthquake six landslide dams on the Conway, Hapuku, Leader, 
Linton, Medway, Stanton and Towy Rivers were flown with an unmanned aerial vehicle, along with short sections of the 
Kekerengu and Papatea faults. Images were collected to generate high resolution, small scale topographic digital surface models 
and red-green-blue encoded point cloud datasets for 3D viewing. Rapid post-event imagery capture means ephemeral features 
are recorded at relatively low-cost for subsequent detailed geomorphological mapping applications. Collective xyz ground 
control point accuracy was typically in the order of 0.2 m and as flying height dictates ground sample distance, this varied over 
the high relief terrain resulting in digital surface models and orthomosaic datasets with a pixel resolution of less than 1 m. 
 
Key words: UAV, Digital Surface Model, Structure from motion, Kaikōura earthquake 
 
 
INTRODUCTION 
 
The acquisition of remotely sensed high resolution 
topographic data has been transformed considerably over 
the past decade by new technology and geospatial 
processing platforms. Unmanned aerial vehicles (UAVs) 
equipped with compact digital cameras can be deployed 
quickly and at low cost to collect high resolution images, and 
post processing with accurate ground control generates cm-
scale orthophotos and digital surface models (DSM) suitable 
for detailed geomorphological mapping applications. 
 
Following the 14 November 2016 Mw 7.8 Kaikōura 
earthquake surface rupture was identified on at least 21 
faults extending over 150 km and significant landslide 
damage was observed across the North Canterbury and 
Marlborough regions of the South Island, New Zealand. 
196 landslide dams were identified, and several 
significant dams which posed a risk to downstream 
communities were closely monitored until failure. Six of 
these landslide dams, on the Conway, Hapuku, Leader, 
Linton, Medway, Stanton and Towy Rivers (Figures 3-9), 
were flown with an UAV between 1 - 14 December 2016. 
Similarly, short sections (up to 1.3 km) of the Kekerengu 
and Papatea faults were flown between 20 November 
and 2 December 2016. Such rapid acquisition of post-
event imagery means ephemeral features were 
chronicled for later analysis at relatively low cost. 
 
STRUCTURE FROM MOTION 
 
Advances in photogrammetric image processing combined 
with computer vision have resulted in a technique known 
as Structure from Motion (SfM) (Westoby et al. 2012). 
Detailed 3D models can be generated from overlapping 
multi-view photography using SfM algorithms. Compared 
to traditional photogrammetry, which relies on aerial 

photography with 60%/30% forward/lateral overlap, and 
on nadir view angle, SfM integrates multi-position, multi-
scale and multi-angle photographs with 80-90% overlap. 
 
Following the 2016 Kaikōura earthquake airborne digital 
photographs were acquired using the small fixed sensor DJI 
Phantom 4 and the UAV flight path was recorded by the 
on-board GPS. Ground control points (GCPs) were 
surveyed at most sites to improve output accuracy. 
Photographs were captured using a combination of 
manual, semi-automated and autonomous grid modes, 
depending on the terrain. Due to limited access at some 
sites in narrow high-sided valleys, and a capped flying 
height of 120 m above the take off point, using a pre-
programmed flying grid to cover the AOI was not always 
possible. Instead, at these sites the Phantom 4 was flown 
by the controller around the boundary of the feature of 
interest then automatically flown within this user defined 
boundary. Additional photos in hard to reach spots were 
acquired by manual UAV flight. Due to the inaccessibly of 
Linton landslide dam, two thirds of the photos were 
captured with a handheld digital camera from a helicopter. 
This often-irregular image pattern capture introduced 
errors in later SfM processing. 
 
SfM processing was undertaken using the commercial 
software package Agisoft PhotoScan Professional version 
1.3.2 (Agisoft). A more detailed description of the SfM 
procedure and commonly used parameters are described 
by Agisoft (2017), Javernick et al. (2014) and Ouédraogo 
(2014). Photos were aligned in Agisoft with pair pre-
selection based on the photo GPS coordinate as stored in 
the JPEG EXIF headers. This feature was disabled for the 
Linton landslide site as the hand-held photos were not 
GPS encoded. 
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The GCP markers were identified in the individual 
photographs within Agisoft and real time kinematic (RTK) 
GPS coordinates were added to the markers. With added 
GCPs the bundle adjustment was recalculated with 
estimated accuracy settings of the camera GCP set to 10 m 
and the ground GCP set to 0.005 cm. Residuals for the GCPs 
were calculated as an initial indication of the geometric 
accuracy of the models. Optimization using RTK measured 
GCP markers reduced the collective root-mean-square 
error (RMSE) from tens of metres to centimetre scale 
accuracy. The accuracy of the digital surface model was 
assessed with XYZ residuals for the GCP markers, 
calculated in Agisoft as part of the bundle adjustment and 
model generation process (Table 1). 
 
The RMSE can be misleading as to output quality, as it was 
defined primarily by the distance of the photographs to the 
ground, regular overlap between adjacent frames, and 
disbursement of the GCP markers.  
 
Table 1. Agisoft SFM point cloud GCP accuracy and output 
resolution for the landslide dam sites. 
 

 
Flying height dictates the ground sample distance (GSD), 
and this varied over the mix of high to low relief terrain 
resulting in DSM and orthophoto datasets with a pixel 
resolution of < 1 m. A polygonal mesh model based on the 
dense cloud data converts the point cloud to a triangulated 
surface, and orthomosaics were generated by correcting 
the individual photographs for relief distortions and 
projecting them onto a planimetric surface with a real-
world coordinate system (for this study, New Zealand 
Transverse Mercator 2000). 
 
DIGITAL TOPOGRAPHY RESULTS – LANDSLIDES AND 
FAULT RUPURE 
 
The SfM Agisoft processing created high resolution, 
detailed models for each AOI. A selection of SfM results are 
shown in figures 1 to 4. The outputs of these models were 
used for various purposes. Simple visual inspection of slope 
failures, dam extents and water levels was possible in the 
3D textured mesh. The 2D DSM and orthomosaics were 
used in ArcGIS for measurements, modelling and high-
resolution mapping. 

 
UAV capture of fault ruptures in key locations allowed the 
recording of fault offsets before they were removed or 
fixed by landowners. Compared to LiDAR, the UAV-derived 
DSMs of fault rupture have far greater detail which is 
useful for mapping fine-scale fault fissures and fractures 
(Figure 2). However, for the measurement of several > m-
scale landform offsets, the UAV-derived and LiDAR-derived 
models are of equivalent utility with LiDAR having the 
advantage of the removal of vegetation, although there are 
examples of vegetation lines providing useful offset 
markers. 
 
The landslide dam surveys were useful to complete the 
coverage where terrestrial laser scanning (TLS) extent was 
discrete and limited to the more accessible areas for 
scanner line-of-sight and set up. Again, rapid capture 
meant the landslide dammed features were recorded 
before further rainfall raised the dammed water level and 
the dam breached or a channel was eroded to create an 
outlet as many of the smaller dams were quickly drained. 
 

 

Figure 1. The regular and overlapping photo coverage (top) 
resulted in an impressive 3D SfM model of Medway landslide dam, 
shown as a textured point cloud (bottom), however the utility of 
the model was limited by the absence of GCPs to correct the poor 
Phantom 4 inbuilt GPS, resulting in an estimated offset of ~20 m in 
XYZ directions. 
 
Accessibility and topographic restrictions in many valleys 
blocked by large landslides meant less-than-optimal UAV 
photograph capture and limited distribution of GCPs; this 
has resulted in DSMs with higher uncertainties. A key issue 
in field data acquisition, particularly on the fault ruptures, 
were inexperienced users of the RTK-GPS meaning GCPs 
were not recorded properly at some sites or the site was 
flown before GCP markers were laid so were not captured 
for later identification. This rendered the resulting DSMs of 
limited use for offset measurement (Figure 1). 
 

AOI Ground 
Resolution 

GCP Pre / 
Post 

RMSE 

DSM / 
Ortho 

Resolution 
Conway  3.7 cm/pix 10 12.51m/ 

2.90 cm 
12m / 
3 cm 

Hapuku 4.08 cm/pix 4 34.06 m / 
2.97 cm 

14 cm / 
4 cm 

Leader 4.68 cm/pix 9 35.83 m / 
16.10 cm 

16 cm/ 
4cm 

Linton 3.26 cm/pix 4 7.32 / 
1.18 cm 

30 cm/  
7.5cm 

Medway 4.68 cm/pix 0 N/A 21 cm/ 
5cm 

Stanton 3.2 cm/pix 3 25.80 / 
50.34 cm 

11 cm/  
3cm 

Towy 5.13 cm/pix 12 62.59 /  
31.17 cm 

16 cm/  
4cm 
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Abstract: Following the 14 November 2016 Mw 7.8 Kaikōura earthquake six landslide dams on the Conway, Hapuku, Leader, 
Linton, Medway, Stanton and Towy Rivers were flown with an unmanned aerial vehicle, along with short sections of the 
Kekerengu and Papatea faults. Images were collected to generate high resolution, small scale topographic digital surface models 
and red-green-blue encoded point cloud datasets for 3D viewing. Rapid post-event imagery capture means ephemeral features 
are recorded at relatively low-cost for subsequent detailed geomorphological mapping applications. Collective xyz ground 
control point accuracy was typically in the order of 0.2 m and as flying height dictates ground sample distance, this varied over 
the high relief terrain resulting in digital surface models and orthomosaic datasets with a pixel resolution of less than 1 m. 
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INTRODUCTION 
 
The acquisition of remotely sensed high resolution 
topographic data has been transformed considerably over 
the past decade by new technology and geospatial 
processing platforms. Unmanned aerial vehicles (UAVs) 
equipped with compact digital cameras can be deployed 
quickly and at low cost to collect high resolution images, and 
post processing with accurate ground control generates cm-
scale orthophotos and digital surface models (DSM) suitable 
for detailed geomorphological mapping applications. 
 
Following the 14 November 2016 Mw 7.8 Kaikōura 
earthquake surface rupture was identified on at least 21 
faults extending over 150 km and significant landslide 
damage was observed across the North Canterbury and 
Marlborough regions of the South Island, New Zealand. 
196 landslide dams were identified, and several 
significant dams which posed a risk to downstream 
communities were closely monitored until failure. Six of 
these landslide dams, on the Conway, Hapuku, Leader, 
Linton, Medway, Stanton and Towy Rivers (Figures 3-9), 
were flown with an UAV between 1 - 14 December 2016. 
Similarly, short sections (up to 1.3 km) of the Kekerengu 
and Papatea faults were flown between 20 November 
and 2 December 2016. Such rapid acquisition of post-
event imagery means ephemeral features were 
chronicled for later analysis at relatively low cost. 
 
STRUCTURE FROM MOTION 
 
Advances in photogrammetric image processing combined 
with computer vision have resulted in a technique known 
as Structure from Motion (SfM) (Westoby et al. 2012). 
Detailed 3D models can be generated from overlapping 
multi-view photography using SfM algorithms. Compared 
to traditional photogrammetry, which relies on aerial 

photography with 60%/30% forward/lateral overlap, and 
on nadir view angle, SfM integrates multi-position, multi-
scale and multi-angle photographs with 80-90% overlap. 
 
Following the 2016 Kaikōura earthquake airborne digital 
photographs were acquired using the small fixed sensor DJI 
Phantom 4 and the UAV flight path was recorded by the 
on-board GPS. Ground control points (GCPs) were 
surveyed at most sites to improve output accuracy. 
Photographs were captured using a combination of 
manual, semi-automated and autonomous grid modes, 
depending on the terrain. Due to limited access at some 
sites in narrow high-sided valleys, and a capped flying 
height of 120 m above the take off point, using a pre-
programmed flying grid to cover the AOI was not always 
possible. Instead, at these sites the Phantom 4 was flown 
by the controller around the boundary of the feature of 
interest then automatically flown within this user defined 
boundary. Additional photos in hard to reach spots were 
acquired by manual UAV flight. Due to the inaccessibly of 
Linton landslide dam, two thirds of the photos were 
captured with a handheld digital camera from a helicopter. 
This often-irregular image pattern capture introduced 
errors in later SfM processing. 
 
SfM processing was undertaken using the commercial 
software package Agisoft PhotoScan Professional version 
1.3.2 (Agisoft). A more detailed description of the SfM 
procedure and commonly used parameters are described 
by Agisoft (2017), Javernick et al. (2014) and Ouédraogo 
(2014). Photos were aligned in Agisoft with pair pre-
selection based on the photo GPS coordinate as stored in 
the JPEG EXIF headers. This feature was disabled for the 
Linton landslide site as the hand-held photos were not 
GPS encoded. 
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Figure 2. Comparison of the SfM DSM (left panel: top) and orthomosaic (bottom) compared to the LiDAR datasets (right) for the Kekerengu Fault 
rupture. LiDAR was captured between 3/12/2016 and 6/1/2017. 
 

 
 
Figure 3. (left) The SfM textured mesh 
model of the Hapuku landslide dam. 
Figure 4. (above) close up of the Hapuku 
dam material showing the surface detail 
and size of individual boulders. 
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Best practice for accuracy assessment is the use of two sets 
of clearly visible reference markers (GCPs) randomly 
placed around the AOI with accurate XYZ. Where the 
distribution of these points is irregular, or limited in spatial 
coverage, the accuracy away from the GCP marker points 
is unknown in the final exported datasets. Using two sets 
of GCP markers means one set of GCPs can be used for the 
SfM adjustment process and the second independent set 
is useful for accuracy assessment of output datasets. 
 
LIMITATIONS OF UAV DERIVED OUTPUTS 
 

 

 
Figure 5. Leader landslide toe from the SfM textured dense point 
cloud. Note the random surfaces floating in space, and holes in the 
water surface (river channel). Issues included mismatching 
between photos due to overlapping at vastly different scales and 
orientations, in addition to reflection off the water surface on a 
sunny day. However, the resulting DSM is still of useful quality to 
identify key landslide features. 
 
Features not visible due to shadow, or hidden by dense 
vegetation, are not resolvable by the UAV-derived DSMs. 
Unlike LiDAR or TLS, the SfM 3D point cloud cannot be 
stripped of vegetation to create a bare earth model or 
expose shallow bathymetry. Any features covered by 
vegetation or low overhanging features remain concealed. 
However, DSMs could be created faster and at more 
frequent intervals than LiDAR, and with larger coverage 
than TLS collection, and such DSMs are potentially very 
useful for assessing failure likelihood of landslide dams.  
 
In addition, using the SfM models for differencing to 
estimate failure size is problematic as the headscarp 
mapping is incomplete to the large size of many of the 
failures, with the scar beyond the 120 m max flying height 
when take-off is from dam level to comply with Civil 
Aviation Authority of New Zealand rules. Vegetation 
coverage is also included in these surfaces, so the 
representation is not the true failure surface, and holes 

occur in the models due to mismatching errors between 
poor resolution photos. 
 
Different illumination conditions during image 
acquisition are a source of matching error, including 
direction of solar illumination and shadowing, changes in 
diffuse light under overcast conditions, or direct sunlight 
resulting in bright or over exposed image quality. 
Differences in vegetation and ground conditions (e.g. tree 
tops moving in windy conditions) causing image blur, and 
wet surfaces reflecting light (e.g. river channels) cause 
the final point cloud dataset to have offset points above 
the main surface, or floating surfaces radially positioned 
as various offset angles to the real ground surface (Figure 
5). Hence, the output is only as good as the input photos, 
and only dense and close coverage will result in a realistic 
high resolution dataset. 
 
SUMMARY 
 
UAV collection of photographs to create high-resolution 
DSMs was a fast and cost-efficient method of attaining 
topographic data following the Kaikōura earthquake. 
Ephemeral features were recorded before the 
earthquake damage was remedied anthropogenically or 
further altered by natural processes. Quick assessments 
of landslide scar size, volume of displacement material, 
dam extent, and fault offset are all possible but 
measurements are only worthwhile when using RTK GCPs 
to quantify accurate scaling of the digital surfaces. Lack 
of GCP markers for some of the Kaikōura sites limited the 
derived output use from the impressive models results in 
essentially unmeasurable fault offsets and landslide 
failures. Quick, cheap and easily repeatable UAV surveys 
are also an excellent tool for mapping the long term 
downstream impact of large slope failures on the 
sediment transportation and storage networks within the 
fluvial system. 
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Abstract: The Mw 7.8 2016 Kaikōura earthquake provided an insightful opportunity to evaluate in detail variations in rupture 
morphology and slip distribution along an 83 km long rupture - incorporating the offshore Needles, and onshore Kekerengu, 
Jordan, Upper Kowhai and Manakau faults. On the dextral-reverse Needles fault, multibeam bathymetric and high-resolution 
seismic reflection data image a throw of the seabed of up to 3.5±0.2 m. Onshore, we surveyed >100 displaced cultural and 
natural features in the field, and using airborne LiDAR data interpolated to 20-cm grids. Maximum dextral displacements were 
~12 m, one of the largest five coseismic surface rupture displacements so far observed globally. Mean dextral slip was 6±1 m. 
We surveyed long, once linear, fence lines that cross at high angles and span completely the rupture zone. In some locations, for 
example in nascent bedrock fault zones, total lateral surface displacement is distributed across a deformation zone up to 122 m 
wide, measured perpendicular to strike; whereas, elsewhere it is focused in a zone <6 m wide.  
 
Key words: 2016 Kaikoura earthquake, Surface Rupture, Kekerengu fault, Needles Fault, Jordan Thrust 
 
 
INTRODUCTION 
 
the 14th November 2016 Mw 7.8 Kaikōura earthquake 
involved surface rupture on >20 faults, which together 
formed the most complex pattern of co-seismic surface 
faulting observed to date (Hamling et al., 2017; Kaiser et 
al., 2017; Clark et al., 2017; Litchfield et al., 2017). Surface 
rupture in this event occurred on two spatially-distinct 
fault domains, separated by >13 km across the largely un-
ruptured Hope fault (Sterling et al., 2017; Litchfield et al., 
2017) (Fig. 1). Despite the overall complexity of this event, 
faults within the northern domain broke the surface as a 
straight and near continuous, 83 km-long zone of ground 
surface and seabed rupture, comprising the longest, 
through-going component of the Kaikōura earthquake (Fig. 
1). From SW-NE, these northern domain faults are: the 
Manakau, Upper Kowhai, Jordan thrust, Kekerengu and 
Needles (Fig. 1). Slip on these faults was mostly  dextral-
reverse, and co-seismic displacements reached a 
maximum on the Kekerengu fault of ~12 m - one of the top 
five co-seismic surface displacement magnitudes so far 
observed globally (Rogers & Little, 2006; Wesnousky, 2008; 
Gold et al., 2015 Zinke et al., 2014; Lin et al., 2001; 2007; 
Baljinnyam, 1993; Sieh, 1978). 
 
A primary goal of this study is to characterise the 
distribution of horizontal and vertical displacement along 
the above-mentioned 83 km, onshore-offshore rupture. 
We document the distribution and accumulation of dextral 
slip at the surface as a function of across-strike distance, 
using the surveyed post-earthquake shape of 15 once-
straight fence lines that crossed the entire deformation 
zone of the Kekerengu fault. We also demonstrate that the 
Jordan thrust—a range-front thrust fault responsible for 

rapid Holocene uplift rates—slipped during this event with 
a normal sense of displacement, despite both sides of fault 
experiencing uplift relative to sea-level. 
 

Figure 1: Map of co-seismic surface rupture on faults within the 
northern domain, during the Kaikoura earthquake (red lines). Inset 
A shows all surface ruptures during the Kaikoura earthquake (red 
lines). Inset B shows the plate boundary setting of New Zealand. 
 
These northern domain faults are part of the Marlborough 
Fault System (MFS), a zone of active dextral-slip faulting that 
transfers Pacific-Australia plate motion (40 mm/y) between 
the Hikurangi subduction zone to the northeast and the Alpine 
fault to the southwest (Fig. 1b). The MFS is underlain at 30-50 
km depth by the southern end of the Hikurangi subduction 
interface (Eberhard-Phillips and Bannister, 2010). 
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Abstract: The Mw 7.8 2016 Kaikōura earthquake provided an insightful opportunity to evaluate in detail variations in rupture 
morphology and slip distribution along an 83 km long rupture - incorporating the offshore Needles, and onshore Kekerengu, 
Jordan, Upper Kowhai and Manakau faults. On the dextral-reverse Needles fault, multibeam bathymetric and high-resolution 
seismic reflection data image a throw of the seabed of up to 3.5±0.2 m. Onshore, we surveyed >100 displaced cultural and 
natural features in the field, and using airborne LiDAR data interpolated to 20-cm grids. Maximum dextral displacements were 
~12 m, one of the largest five coseismic surface rupture displacements so far observed globally. Mean dextral slip was 6±1 m. 
We surveyed long, once linear, fence lines that cross at high angles and span completely the rupture zone. In some locations, for 
example in nascent bedrock fault zones, total lateral surface displacement is distributed across a deformation zone up to 122 m 
wide, measured perpendicular to strike; whereas, elsewhere it is focused in a zone <6 m wide.  
 
Key words: 2016 Kaikoura earthquake, Surface Rupture, Kekerengu fault, Needles Fault, Jordan Thrust 
 
 
INTRODUCTION 
 
the 14th November 2016 Mw 7.8 Kaikōura earthquake 
involved surface rupture on >20 faults, which together 
formed the most complex pattern of co-seismic surface 
faulting observed to date (Hamling et al., 2017; Kaiser et 
al., 2017; Clark et al., 2017; Litchfield et al., 2017). Surface 
rupture in this event occurred on two spatially-distinct 
fault domains, separated by >13 km across the largely un-
ruptured Hope fault (Sterling et al., 2017; Litchfield et al., 
2017) (Fig. 1). Despite the overall complexity of this event, 
faults within the northern domain broke the surface as a 
straight and near continuous, 83 km-long zone of ground 
surface and seabed rupture, comprising the longest, 
through-going component of the Kaikōura earthquake (Fig. 
1). From SW-NE, these northern domain faults are: the 
Manakau, Upper Kowhai, Jordan thrust, Kekerengu and 
Needles (Fig. 1). Slip on these faults was mostly  dextral-
reverse, and co-seismic displacements reached a 
maximum on the Kekerengu fault of ~12 m - one of the top 
five co-seismic surface displacement magnitudes so far 
observed globally (Rogers & Little, 2006; Wesnousky, 2008; 
Gold et al., 2015 Zinke et al., 2014; Lin et al., 2001; 2007; 
Baljinnyam, 1993; Sieh, 1978). 
 
A primary goal of this study is to characterise the 
distribution of horizontal and vertical displacement along 
the above-mentioned 83 km, onshore-offshore rupture. 
We document the distribution and accumulation of dextral 
slip at the surface as a function of across-strike distance, 
using the surveyed post-earthquake shape of 15 once-
straight fence lines that crossed the entire deformation 
zone of the Kekerengu fault. We also demonstrate that the 
Jordan thrust—a range-front thrust fault responsible for 

rapid Holocene uplift rates—slipped during this event with 
a normal sense of displacement, despite both sides of fault 
experiencing uplift relative to sea-level. 
 

Figure 1: Map of co-seismic surface rupture on faults within the 
northern domain, during the Kaikoura earthquake (red lines). Inset 
A shows all surface ruptures during the Kaikoura earthquake (red 
lines). Inset B shows the plate boundary setting of New Zealand. 
 
These northern domain faults are part of the Marlborough 
Fault System (MFS), a zone of active dextral-slip faulting that 
transfers Pacific-Australia plate motion (40 mm/y) between 
the Hikurangi subduction zone to the northeast and the Alpine 
fault to the southwest (Fig. 1b). The MFS is underlain at 30-50 
km depth by the southern end of the Hikurangi subduction 
interface (Eberhard-Phillips and Bannister, 2010). 
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METHODOLOGY 
 
Onshore analysis was based primarily on field surveys of 81 
cultural and natural piercing lines that had been co-seismically 
displaced across the surface fault rupture. Field survey 
equipment was Real-time-Kinematic GPS—where skyview 
was abundant—and total station theodolite and tape 
measurement where it was not. Secondarily, by landform 
matching in a GIS environment, LiDAR data that had been 
flown along the length of rupture in early 2017, and for which 
ground returns were gridded at 20 cm, was used by us to 
acquire an additional 31 displacement measurements. Offset 
features included—in order of decreasing relative 
abundance—fence lines, river channels, rills, levees or gully 
margins; farm tracks (4WD roads), landslide margins, 
individual trees or roots split by the fault (and matched), small 
spurs, animal tracks, beach dunes, State Highway (SH 1), the 
main trunk railway line, and a previously back-filled 
paleoseismic trench (Little et al., this volume). Marine 
reconnaissance on the Needles fault rupture was carried out 
in two surveys led by NIWA. The first survey included the 
collection by the Tangaroa vessel of Kongsberg EM302 30 kHz 
multibeam bathymetry, backscatter sonar and TOPAS PS18 
sub-bottom profiles along the northern section of the Needles 
fault, in water depths >30 m. A second near-shore survey 
using the Ikatere vessel, along the southern ~20 km of the 
Needles fault collected Kongsberg EM2040 300 kHz 
multibeam bathymetry. 
 
CO-SEISMIC SLIP DISTRIBUTION – HORIZONTAL 
 
The along-strike distribution of dextral surface fault 
rupture slip is presented in Figure 2, extending 83 km from 
the southwestern extent of the Manakau and Upper 
Kowhai faults to the northeastern extent of seabed rupture 
of the Needles fault. Note that in Figure 2, where multiple 
strands of the Kekerengu fault overlap, dextral 
displacement has been summed across all the strands 
(Manakau, Jordan Thrust, Kekerengu and Tinline Downs). 
The onshore part of the strike-slip envelope defines a semi-
bell shape (Fig. 2b). Southwest of site 138, on the Upper 
Kowhai and Manakau faults, displacement was difficult to 
accurately quantify due inaccessibility issues, lack of LiDAR 
coverage on the Manakau fault and a paucity of piercing 
points with which to measure displacement. Here we 
assume a northeast to southwest linear decrease in dextral 
slip. On the Jordan Thrust, between sites 138-118, dextral 
slip rises linearly (~0.6 m/km) to 2 ± 0.5 m (Fig. 2b). At its 
northern tip, the Jordan Thrust overlaps the Kekerengu 
fault, and here the two faults share 7.1 ± 0.5 m of dextral 
slip, each accommodating ~ 3.5 m (sites 115 and 116, Fig. 
2b). Within the relatively flat, central 9 km of the slip 
envelope—between sites 78-20—dextral slip averages ~10 
m (Fig. 2a). This section includes the maximum observed 
dextral-slip of 11.8 ± 0.3 m at Ben More Stream (site 25), 
and 8 additional sites where slip is >10.5 m. In the area to 
the northeast of the central slip high, between sites 16-5 
strike-slip is 8-9 m. No lateral offsets could be measured 
along the 30 km-long rupture of the offshore Needles fault 
(only vertical ones) because of the absence of suitable 
markers on the flat seabed. 

 
A discontinuity in horizontal slip gradient is located across 
the intersection of the Papatea fault surface rupture with the 
greater Kekerengu fault (Figs. 1 and 2b). Across this zone of 
fault intersection, in a southwest direction—between sites 
100-107—slip drops from ~10 m to 7.3 ± 0.2 m. This drop in 
dextral-slip on the “greater” Kekerengu fault zone is an 
expectable result of the observed uplift, shortening and 
reverse-sinistral slip on the Papatea fault that intersects it to 
the east (Hamling et al., 2017; Langridge et al., in prep). 
 
Co-seismic Slip Distribution – Vertical 
The along-strike distribution of vertical surface fault 
rupture displacement is presented in Figure 6c. Between 
sites 110-5 (Fig. 2c), throw is a largely up-to-the-northwest 
and reverse, with magnitudes averaging ~1.5 m, and locally 
exceeding 2 m. By contrast, from the southwest tip of the 
rupture to site 117, throw is up-to-the-southeast and has 
normal sense. Magnitudes here are highly variable and 
between 0.5 – 3.6 m. This reversal in sense of throw 
straddles the Papatea fault intersection (Figs 1 and 2c). 
InSAR data show that during the earthquake, the 
northwest-dipping Jordan Thrust was uplifted on its 
northwest side by 2-3 m and on its southeast side by 5-6 
m. (Hamling et al., 2017)—in other words the sense of dip-
slip on the Jordan fault during the Kaikōura Earthquake was 
normal rather than reverse. Considered on a longer time 
frame, however, the steep topographic flank of the 
Kaikōura Ranges across the trace of the Jordan fault 
indicates that this fault usually (previously) slips with an 
oblique-reverse sense (Van Dissen and Yeats, 1991). 
 
Along the 2 km stretch of rupture at the coast (sites 14-6, 
Fig. 2c), differential LiDAR data reveal that both sides of the 
fault subsided by up to 2.5 ± 0.2 m (relative to sea-level) 
during the earthquake (Clark et al., 2017). Here the fault 
maintained a northwest dip and had an up-to-the-
southeast oblique-normal sense of throw, which was 
between 1-2.2 ± 0.2 m. Moving northeast towards the 
coast, where the fault crosses a coastal field of sand dunes 
(sites 7-5), throw on the fault reverts from up-to-the-
southeast (1.75 ± 0.2 m, probably normal) to up-to-the-
northwest (1.2 ± 0.2 m, probably reverse). Site 6 records 
the “hinge point” of this transition because at this site 
there is locally no relief across the fault trace. 
 
The vertical throw envelope along the Needles fault has a 
bell-shape along the southern 20 km of the trace (Fig. 2c). 
The maximum throw of 3.5 m occurs about 11 km along 
the fault (Fig. 2c). 
 
This is extremely consistent with similar maximum 
measurements of coastal uplift, incorporating field 
observations, as well as pre- and post-earthquake 
differencing using LiDAR and radar datasets (Clark et al., 
2017). The compatibility of the marine scarp 
measurements and the nearby coastal uplift data support 
our interpretation that the marine surface trace is entirely 
the result of co-seismic rupture associated with the 
November 14th 2016 Kaikōura Earthquake. 
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Figure 2: Dextral and vertical displacement distribution along the length of the northern domain of surface rupturing. A: Enlarged view of the 
central high in dextral displacement, including the maximum dextral slip of 11.8 ± 0.3 m at site 25. Orange curves denote sections of the 
Kekerengu fault where slip has been summed across the Heaver’s Creek and Tinline downs faults. B: Dextral displacement along the entire 
northern domain. Grey curve relates to slip on the Manakau, Upper Kowhai and Jordan Thrust faults, red curve relates to slip on the Kekerengu 
fault. Papatea fault intersection and Needles fault are highlighted in with vertical grey bars. Bold dashed red line on the Needles fault represents 
the curve used to estimate average slip, pink dashed lines above and below refer to the curves used to place error bounds on this estimation. C: 
Vertical displacement distribution. Red curve is up-to-the-northwest throw, blue curve is up-to-the-southeast throw. Black curve illustrates 
changes in fault azimuth. 
 
CO-SEISMIC SLIP DISTRIBUTION – ACROSS STRIKE 
 
On average, most dextral slip (80%) was accommodated 
within the central 43% of the ground deformation zone. As 
inferred from deflection of the otherwise linear fences, the 
overall width of this deformation zone ranged between 13 – 
112 m and averaged ~50 m. On average, 40-90% of the total 
dextral-slip magnitude was accommodated in a step-like slip 
discontinuity across the central ~5 m of the deformation 
zone, with the remaining displacement accommodated 
across a more diffuse, distributed shear gradient extending 
to the outer margins of the deformation zone. Where the 

total width of deformation was 30 m or less (n=4), 80% of 
the dextral slip was distributed across the central 25% of the 
deformation zone (<7.5 m wide). Here, displacement 
gradients were highest, with finite shear strains between 
0.7-3.3. Elsewhere, where total deformation widths were 
>30 m (n=9) mean finite shear strains were between 0.07-
0.4. In a case of widely distributed slip (mean finite shear 
strain = 0.07), 8.1 m of dextral slip was nearly evenly 
distributed across the 112 m total width of deformation 
formed in hard limestone bedrock that we infer to be 
deforming by extension fracturing and vertical-axis rotation 
of bedrock strips. A notable feature of displacement at this 
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CO-SEISMIC SLIP DISTRIBUTION – ACROSS STRIKE 
 
On average, most dextral slip (80%) was accommodated 
within the central 43% of the ground deformation zone. As 
inferred from deflection of the otherwise linear fences, the 
overall width of this deformation zone ranged between 13 – 
112 m and averaged ~50 m. On average, 40-90% of the total 
dextral-slip magnitude was accommodated in a step-like slip 
discontinuity across the central ~5 m of the deformation 
zone, with the remaining displacement accommodated 
across a more diffuse, distributed shear gradient extending 
to the outer margins of the deformation zone. Where the 

total width of deformation was 30 m or less (n=4), 80% of 
the dextral slip was distributed across the central 25% of the 
deformation zone (<7.5 m wide). Here, displacement 
gradients were highest, with finite shear strains between 
0.7-3.3. Elsewhere, where total deformation widths were 
>30 m (n=9) mean finite shear strains were between 0.07-
0.4. In a case of widely distributed slip (mean finite shear 
strain = 0.07), 8.1 m of dextral slip was nearly evenly 
distributed across the 112 m total width of deformation 
formed in hard limestone bedrock that we infer to be 
deforming by extension fracturing and vertical-axis rotation 
of bedrock strips. A notable feature of displacement at this 

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

site is that the fence was cut by only two extensional fissures, 
across which there is no significant discontinuity in 
displacement. The remaining ≥7.5 m of displacement was 
accommodated without any obvious rupturing at the ground 
surface. This suggests that along the Kekerengu fault during 
the 2016 rupture, shear strains in excess of about 0.1 where 
needed before recognizable discrete shears formed on the 
ground surface. 
 
DISCUSSION/CONCLUSION 
 
We have documented ground surface and seabed fault 
rupture along the longest and most continuous component 
on the 2016 Mw 7.8 Kaikōura earthquake. This comprised 
53 km of onshore fault rupture and at least 30 km of 
seabed rupture on the Needles fault, extending offshore of 
southeast of Cape Campbell (Fig. 1). This event was the first 
time a co-seismic surface rupture was surveyed both 
onshore and offshore immediately following the causative 
event.    Our analysis of co-seismic horizontal and vertical 
displacements and rupture morphology along the 83 km 
length of the northern domain of surface fault rupture 
indicates earthquake ruptured with a mean dextral-slip of 
6 ± 1 m, and a dextral slip maximum of 11.8 ± 0.3 m. For 
the rupture length, these slip magnitudes are unusually 
large compared to a global catalogue of other large 
magnitude strike-slip earthquakes. The elastic dislocation 
model of Hamling et al. (2017) supports our conclusion that 
the high slip to length ratio may reflect a deeply 
penetrating rupture. On average, 80% of the total strike-
slip displacement at a site is distributed across the central 
43% of the total rupture deformation width.  
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Abstract: Recent high-resolution airborne LiDAR revealed that many sackung features are concentrated around the northern tip 
of the active Neodani fault, central Japan. These features are hidden under forest canopies, and thus high-precision dating of 
slope deformation episodes would be possible by radiocarbon dating. In order to examine the relationship between the fault 
activity and the formation/growth of the sackung features, we conducted hand corings and pit excavations at two sites out of 
the many sackung depressions found adjacent to the Neodani fault. Our results revealed that the sackung scarps experienced 
multiple growth events after ~5 ka and the latest event might have occurred simultaneously with the 1891 Nobi earthquake, 
suggesting that local earthquakes from adjacent active faults are important trigger of formation and growth of those sackung 
features. We suggest that detailed study of selected sackung features adjacent to an active fault may contribute to reconstruct 
local paleoseismic history. 
 
Key words: Sackung feature, Active fault, LiDAR, Pit excavation 
 
 
INTRODUCTION 
 
Uphill-facing scarps and linear depressions are often 
recognized on and around mountain ridges, which are 
generally interpreted to be gravitational features and 
called sackung or sagging features (Zischinsky, 1966). In 
earthquake-prone regions, a relationship between the 
origin of sackung features and earthquakes has been often 
discussed (e.g. Beck, 1968) and co-seismic formation 
and/or growth of sackung features have been reported 
around the world (e.g. Ponti & Wells, 1991). Trenching 
excavations for sackung features have also been 
attempted mainly in alpine areas after the pioneering work 
of McCalpin et al (1995). However, a relationship between 
sackung features and paleoearthquakes is not well 
understood primarily because of general lack of datable 
materials in alpine landscape. 

Recent high-resolution LiDAR data revealed that numerous 
sackung features were hidden under forest canopies in the 
1,000-1,500-m-high Etsumi Mountains, central Japan 
(Kaneda & Kono, 2015). In particular, anomalously 
concentrated sackung depressions were found adjacent to 
the northern tip of the active Neodani fault (Figure -1). 
Those sackung depressions are most probably filled with 
peaty sediments with abundant in-situ organic materials, 
which would be a big advantage over similar studies in 
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Abstract: Recent high-resolution airborne LiDAR revealed that many sackung features are concentrated around the northern tip 
of the active Neodani fault, central Japan. These features are hidden under forest canopies, and thus high-precision dating of 
slope deformation episodes would be possible by radiocarbon dating. In order to examine the relationship between the fault 
activity and the formation/growth of the sackung features, we conducted hand corings and pit excavations at two sites out of 
the many sackung depressions found adjacent to the Neodani fault. Our results revealed that the sackung scarps experienced 
multiple growth events after ~5 ka and the latest event might have occurred simultaneously with the 1891 Nobi earthquake, 
suggesting that local earthquakes from adjacent active faults are important trigger of formation and growth of those sackung 
features. We suggest that detailed study of selected sackung features adjacent to an active fault may contribute to reconstruct 
local paleoseismic history. 
 
Key words: Sackung feature, Active fault, LiDAR, Pit excavation 
 
 
INTRODUCTION 
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recognized on and around mountain ridges, which are 
generally interpreted to be gravitational features and 
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discussed (e.g. Beck, 1968) and co-seismic formation 
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STUDY AREA 
 
A number of NW-SE trending active left-lateral faults 
comprise the Nobi active fault system in the Etsumi 
Mountains (Matsuda, 1974). The Nukumi, Neodani and 
Umehara faults of this system ruptured in the 1891 Nobi 
earthquake (Figure -1), which is the largest inland 
earthquake (Mw:7.5) ever recorded in the Japanese 
written history (Usami, 2003). Our study area is located 
~600 m southwest of the northernmost Neodani fault, 
where W- to WNW-trending and 2-5-m-high sackung 
scarps have formed many small dammed-up depressions 
(Figure -2). Out of those depressions, we have targeted two 
sackung depressions (Sites A and B) that were dammed up 
by the same sharp scarp (Scarp A; Figure -2). 
 

 
Figure 2: (a) Aerial photograph of our study area. See Fig.1 for 
location. (b) Red Relief Image Map of the same area  based on 0.5 
m and 1.0 m LiDAR DEMs. This image is produced by patent-
protected (but open to academic use) DEM visualization method of 
Asia Air Survey Co., Ltd (Japanese Patent No.3670274 and 
No.4272146). 
 
METHODS AND RESULTS 
 
We conducted eleven hand corings (down to ~2.5 m deep) 
and three hand-excavated pits (down to ~1.7 m deep) at 
the target sackung depressions (Figure -2). Our 
investigation revealed that the sackung depressions are 
filled with peat and lacustrine clay sediments, which show 
various degree of deformation after their deposition. At 
least three growth events of Scarp A are inferred to have 
occurred after ~5 ka based on radiocarbon ages from seeds, 
leaves and twigs collected from the peat. Especially, the 
timing of the latest growth event was consistent with the 
1891 Nobi earthquake. 

DISCUSSION 
 
Paleoseismic studies on the Neodani fault have revealed 
that three earthquakes, including the 1891 Nobi 
earthquake, occurred after ~7 ka (Awata et al., 1999; 
Tanaka et al., 2017), which appear to be correlated to the 
growth events identified in our study area and imply a 
probable simultaneity of sackung scarp growth and 
paleoearthquakes. Seismic shaking from the adjacent 
active fault may thus be an important trigger of 
formation/growth of sackung features. 

We suggest that detailed geochronology of off-fault 
sackung features may contribute to reconstruct local 
paleoeseismic history, although further investigation is 
required in our study area and elsewhere for deeper 
understanding of triggers and controls of sackung features 
around active faults. 
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Abstract: The Mw 7.8 Kaikōura earthquake produced a surface rupture of ~200 km across the northern South Island of New 
Zealand. This study was conducted in an area of ~600 km2 in the epicentral region where the surface rupture is comprised of 
two main non-coplanar sets of faults that trend E-NE and NNE-NW with mainly steep dips (60о-80°). Analysis of the surface 
rupture using field and LiDAR data provides new information on the dimensions, geometries and kinematics of these faults. The 
more northerly trending fault set is sub-parallel to basement bedding and accommodated maximum oblique left-lateral reverse 
slip of ~1 and ~5 m for the Stone Jug and Leader faults, respectively. The E-NE striking Conway-Charwell and The Humps faults 
exhibit right-lateral to oblique reverse slip of up to ~2 and ~5 m, respectively. The faults form a hard-linked system of 
transpressional structures along this portion of the plate boundary which is dominated by kinematics consistent with oblique 
subduction. The intersections of the main fault sets facilitated the propagation of the earthquake and transfer of slip northwards 
across this portion of the plate boundary zone. 
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INTRODUCTION 
 
Historical earthquakes can provide key information about 
the earthquake and tectonic processes that shape plate 
boundaries (e.g., Sieh et al., 1993; Farías et al., 2010). The 
Mw 7.8 Kaikōura earthquake ruptured at least 14 faults 
(~200 km of surface rupture) (Fig. 1) across the New 
Zealand-Australian plate boundary zone on the northern 
South Island of New Zealand, and was recorded by both 
remote and terrestrial datasets (e.g., Hamlin et al., 2017; 
Litchfield et al., 2017). The earthquake produced 
geologically synchronous slip of up to ~12 m (Hamlin et al., 
2017) on faults within the mainly strike-slip Marlborough 
Fault System (MFS), which accommodates most (≥80%) of 
the relative plate motion (Fig. 1). Further south in the 
transpressional North Canterbury Domain (NCD) the 
earthquake ruptured faults with Late Quaternary slip rates 
<2 mm/yr and regional shortening rates 2-3 mm/yr (e.g., 
Nicol et al., 1994; Litchfield et al., 2014, 2017). Many 
aspects of the earthquake were unexpected including the 
number and geometric complexity of the faults, and the 
propagation of the rupture obliquely across the plate 
boundary which resulted in slip on faults with variable slip 
rates and in different tectonic domains. 
 
To better understand the factors that contributed to the 
complexity of the earthquake, we present a preliminary 
analysis of the geometry and kinematics of the faults that 
ruptured during the Kaikōura earthquake in the epicentral 
area. The study area covers ~600 km2 and is located in the 
NCD immediately south of the Hope Fault. In the study 
area, the earthquake ruptured a network of faults 
producing a total length of mapped traces of ~140 km 
(mapping is ongoing and both the number and total length 
of these traces may increase). The majority of these 

surface ruptures form along four primary faults or fault 
zones that are here referred to as The Humps, Leader, 
Conway-Charwell and Stone Jug faults, which are the 
primary focus of this paper (Figs. 2). Analysis of the surface 
rupture from field mapping and LiDAR data provides new 
information on the dimensions, geometries and kinematics 
of these faults. 
 

 
Figure 1: Tectonic setting of the November 14 Mw 7.8 Kaikōura 
earthquake. A) New Zealand plate boundary setting with relative 
plate boundary motion vectors (DeMets et al., 1994). B) Digital 
elevation model of the Northern South Island showing active faults 
(white lines), the location of the Marlborough Fault System (MFS; 
between the Wairau and Hope faults), and the faults that ruptured 
in the 2016 Kaikōura Earthquake (black lines). Location of the 
North Canterbury domain is also shown on B. 
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Figure 2: Mapped traces of the faults that ruptured during the 
Kaikōura earthquake (white lines) within the study area; north of 
the NCD. Leader and southern sections of the Stone Jug faults were 
not known to be active prior to the Kaikōura earthquake. The 
Hundalee Fault was not studied in this research. 
 
DISCUSSION 
 
In the NCD, the faults that ruptured during the earthquake 
comprise two main non-coplanar sets that trend E-NE and 
NNE-NW with mainly steep dips (60°-80°). The more 
northerly trending faults which were largely unknown prior 
to the earthquake, accommodated predominantly left-
lateral reverse slip (Leader and Stone Jug faults). East to 
northeast trending faults (The Humps and Conway-
Charwell faults) accrued right-lateral (east) to oblique 
reverse (northeast) slip. Detailed field mapping shows that 
the oblique Humps faults strike 87о in the west, 65о where 
it crosses the Leader River, and 54о at its termination 
against the Leader fault. The oblique Conway-Charwell 
faults strike 42о at the intersection with the Leader fault, 
and 54о towards NE. 
 
Fault scarp heights and lateral displacements of cultural 
features such as fences and roads have been widely 
observed and indicate that oblique slip was common. The 
earthquake produced maximum oblique slip of ~ 5 m on 
The Humps and Leader faults, ~ 2 m on the Conway-
Charwell fault and ~ 1 m on the Stone Jug fault (see 
selected field photos showing the scarp heights and lateral 
offsets along fences (Figs. 3). The relative components of 
strike slip and dip slip are strongly dependent on fault 
strike. Along The Humps fault, for example, slip was mainly 
right lateral at its western end where it strikes 
approximately east-west (i.e. sub-parallel to the relative 
plate motion vector) and oblique reverse right lateral at its 
eastern end where it strikes northeast. 
 
Slip is transferred between the main faults which intersect 
each other at the ground surface. For example, at the 
eastern termination of The Humps Fault zone, right-lateral 
reverse slip was transferred northwards onto the Leader 
Fault zone producing up to ~3 m of uplift at the northern 
end of the Mt Stewart range in the hangingwall of the 
Leader Fault (Fig. 2). Slip transfer at fault intersections is 
often achieved by a distributed network of smaller faults. 
 
 
 

 
Figure 3: Selected field photos showing scarp heights and lateral 
offsets along Leader, Conway-Charwell, The Humps and Stone Jug 
faults. Photos: Kate Pedley, Narges Khajavi, and Clark Fenton. 
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CONCLUSIONS 
 
The faults form a hard-linked system of transpressional 
structures along this portion of the plate boundary which 
is dominated by kinematics consistent with oblique 
subduction. In the study area, the relative plate motion is 
accommodated by an array of northerly striking left-lateral 
reverse to reverse left-lateral and E-NE right-lateral to 
reverse right-lateral faults. Northerly striking faults 
accommodate distributed bookshelf-shear, and can also 
terminate at, E-NE striking faults in a predominantly 
transpressional regime. The intersections of the main fault 
sets facilitated the propagation of the earthquake and 
transfer of slip northwards across this portion of the plate 
boundary zone. 
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Abstract: The seismic data of large earthquake is required for the reliable ground motion prediction which is an essential part of 
seismic hazard analysis. In Korea, however, large earthquake data is limited because the Korean peninsula is located in the low 
seismicity zone. Therefore, ground motions induced by the large earthquake should be hypothetically generated using the small 
earthquake data. Meanwhile, earthquakes of moment magnitude (MW) 5.5 occurred on September 12th 2016, near Gyeongju, 
Korea. This is the largest earthquake ever occurred in Korea since measurement began in 1905, and high-quality ground motion 
data were measured by seismic monitoring network of Korea. In this study, MW 6.5 earthquakes are simulated from the seismic 
data of 2016 Gyeongju earthquake using the empirical Green’s function method based on a scaling law of fault parameters and 
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INTRODUCTION 
 
The seismic data of large earthquakes (i.e., moment 
magnitude 6.0 and greater) is required for the reliable ground 
motion prediction which is an essential part of seismic hazard 
analysis and seismic design. In Korea, however, there is no 
large earthquake data because the Korean peninsula is 
located in a low seismicity zone while the maximum 
magnitude of historical earthquake has been considered as 
6.2-6.7 (Lee and Yang, 2006; KIGAM, 2012). Therefore, ground 
motion induced by large earthquakes should be estimated 
using observed seismic data of small earthquakes. 
 
The empirical Green’s function method is the one of the 
most effective semi-empirical methods for simulating strong 
ground motions using observed seismic data. The empirical 
Green’s function is based on the assumption that ground 
motions induced by earthquakes can be characterized with 
three elements: (1) seismic source (i.e., faults), (2) seismic 
wave propagation paths, and (3) site effects (i.e., local 
ground response, basin effects, and effect of surface 
topography). It is very difficult to describe seismic wave 
propagation paths and site effects for a site because there is 
a great epistemic uncertainty induced by complicated 
geological structures and geophysical properties (e.g., 
heterogeneity and anisotropy) of realistic media. Semi-
empirical approach using similarly relations between small 
and large earthquakes for closely located seismic sources 
can overcome these difficulties. Ground motions of a 
common site induced by closely located earthquakes share 
the same seismic wave propagation path and site effects. 
Therefore, a ground motion recording at a common site can 
be synthesized using smaller earthquake data for closely 
located seismic sources because common wave propagation 
path and site effects can be ignored (Bakum and Bufe, 1975). 
This approach is considered as an empirical Green’s function 
(Hartzell, 1978). In this study, Empirical Green’s function 

method formulated by Irikura and Kamae (1994) was used. 
Irikura’s technique is based on two similarity relations 
between the small and large earthquakes. One is the scaling 
relation of source parameters such as fault dimensions, slip, 
and slip duration (Kanamori and Anderson, 1975) and the 
other is the scaling relation of omega-squared source 
spectra (Aki, 1967). The ground motion for a large 
earthquake is synthesized by summing the observed data of 
small earthquakes with corrections for the difference in the 
slip velocity time function between the small and large 
earthquakes scaling laws. Figure 1 shows the schematic 
drawing of empirical Green’s function method formulated 
by Irikura and Kamae (1994). 
 

Figure 1: Schematic diagram of the empirical Green's function 
method. L×W and l×w are fault dimensions of large and small 
earthquakes, respectively. Meanwhile, N is defined to be N = L/l = 
W/w (after Irikura and Kamae, 1994). 
 
The sum of observed data of small earthquakes can be 
expressed as: 

,  (1) 

where r is the hypocentral distance from the observation 
point, rij is the distance from the observation point to the 
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motion for the large earthquake, u(t) is the observed ground 
motion the small earthquake, C is the ratio of stress drop 
between small and large earthquake, N is the ratio of fault 
dimension between small and large earthquake, and F(t) is 
the filtering function to adjust the difference in the slip 
velocity time functions between the small and large 
earthquakes (Irikura, 1986; Irikura et al., 1997). 
 
SOURCE CHARACTERISTICS 
 
A strike-slip earthquake with moment magnitude (MW) of 
5.5 occurred in the south-eastern part of the Korean 
peninsula on September 12th 2016 (Hereinafter, called 
2016 Gyeongju earthquake after nearby historic city, 
Gyongju). Figure 2 shows the epicenter and moment 
tensor solution of the 2016 Gyeongju earthquake. The 
main shock of 2016 Gyeongju earthquake was the largest 
earthquake that ever occurred in Korea since 
measurements began in 1905. The source characteristics 
of the 2016 Gyeongju earthquake used in this study are 
summarized in the table 1. 
 

Figure 2: Epicenter and focal mechanism of 2016 Gyeongju 
earthquakes(drawn by Kim et al. (2016)). Red beach balls with the 
date labeled show the source mechanisms of the 2016 Gyeongju 
earthquake (‘20160912a’ for MW 5.1 earthquake, ‘20160912b’ for 
MW 5.5 earthquake, and ‘20160919’ for MW 4.4 earthquake). 
Other colored beach balls show past earthquakes in the region 
(Kim et al., 2016). 
 
Table 1: Source characteristics of 2016 Gyeongju earthquake used in 
this study. 

Parameter Value 
Origin time 16/09/12,  11:32:54.80 
Epicenter 129.19°E, 35.76°N 

Focal depth1 14.2 km 
Moment magnitude 5.5 

Stress drop 127 bar 
Moment tensor solution1 115/86/12, 24/78/176 

1: Kim et al., 2016 
 

PARAMETERS FOR SIMULATING GROUND MOTIONS 
 
High-quality ground motion data were acquired by Korean 
Integrated Seismic System (KISS), seismic sensor network 
of Korea Hydro and Nuclear Power (KHNP) and Korea 
Institute of Nuclear Safety (KINS). In this study, seismic 
data of the 2016 Gyeongju earthquake observed at KINS 
seismic monitoring station of Wolsung nuclear power plant 
site (KINS WSN station) was selected as Green’s function 
(i.e., subfault event). KINS WSN station is 27 km away from 
epicentre of 2016 Gyeonju earthquake. Figure 3 and 4 
shows the location of KINS WSN station, and observed 
seismic data of 2016 Gyeonju earthquake at KINS WSN 
station, respectively. Parameter for simulating ground 
motions in this study are summarized in Table 2. 
 

Figure 3: The location of KINS WSN station and the epicenter of the 
2016 Gyengju Earthuquake. The location and device information 
of KINS WSN station is available at  
http://emc.kins.re.kr/USERIF/OSVI/NclrEqkOsvi.aspx  

20160912a

20160919
20160912b

KINS 
WSN

station

Epicenter
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Figure 4: The observed ground motion of 2016 Gyengju earthquake at 
KINS WSN station (a) North-South component, (b) East-West 
component, (c) Vertical component. The data is available at 
http://emc.kins.re.kr /USERIF/MESR/SeimDataView.aspx?SEQ=1474. 
 
Table 2: Input parameter for simulation 

Parameter Value 

S-wave velocity 3.5 km/sec 

Rupture velocity  2.7 km/sec 

Rise time of subfault 0.1 s 

N (number of subfault) 9 

C (stress drop ratio) 1.24 

Epicentral distance 27 km 

 
RESULTS AND DISCUSSION 
 
Figure 5 shows an example of simulated ground motion of 
MW 6.5 hypothetic earthquake at KINS WSN station. The 
peak ground acceleration of simulated results is 0.33 g. The 
strong ground motion can be estimated more precisely if 
additional information of fault geometry is obtained using 
analysis on aftershock distribution. The estimated ground 
motions can be used as the reference data for seismic 
hazard assessment and seismic damage evaluation of 
important infrastructures (e.g., nuclear power plants, 
transmission towers, and dams) in Korea. Also, the ground 
motion estimation techniques can be used for the 
development of attenuation relation. 

Figure 5: An example of simulated ground motion of MW 6.5 
hypothetic earthquake at KINS WSN station (a) North-South 
component, (b) East-West component, (c) Vertical component. 
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Abstract: The 9.12 Gyeongju Earthquake (ML=5.8) was followed by hundreds of aftershocks around Gyeongju, Korea. The focal 
mechanism of the main shock indicates 027° /76°of dextral strike-slip fault plane. There are many N-S to NNE-SSW trending 
lineaments, including the Yangsan fault (YSF) and the Deokcheon fault(DCF), which were recognized on the LiDAR image. The 
two major faults (YSF and DCF) are geometrically linked by several NE-SW trending lineaments. We identified that many of the 
NE-SW trending lineaments have evidences of faults based on field observation. Furthermore, almost all of the seismic events 
were concentrated in a narrow quadrangle area with a NE-SW trend between YSF and DCF. This geometry is similar to the 
reported examples of right bending/stepping linkage zone of two strike-slip faults. This result is well matched with previous 
studies associated with aftershock clustering and fault damage zones. 
 
Key words: Gyeongju Earthquake, aftershock cluster, rupture mechanism, Yangsan Fault, damage zone 
 
 
INTRODUCTION 
 
The biggest instrumental seismic event in South Korea 
(ML=5.8) occurred in Gyeongju City on 12th September, 
2016. The 9.12 Gyeongju Earthquake was followed by 
hundreds of small to medium scale aftershocks around the 
Naenam-myeon, Gyeongju City. This earthquake is a shock 
to the Korean people who believed that the Korean 
peninsula is a safe place from earthquakes. It was a wakeup 
call for them to consider the importance of earthquake 
studies of the active faults. 
 
Earthquakes generally occur by sudden slip along a fault to 
release cumulated stress on a specific fault or a fault 
system. A fault is activated when the accumulated tectonic 
stress overcomes the frictional strength of the rock body 
(Reid, 1910; Scholz, 2002). The recurrence cycle of the 
earthquake and its characteristics such as magnitude and 
slip rate is affected by tectonic setting and rock properties. 
Thus, it is important to trace pre-existing active faults to 
understand fault behaviours associated with seismic 
events, because the reactivation of pre-existing geological 
structures is easier than the formation of new structures. 
Based on this concept, we investigated pre-existing faults 
around the epicentral area through LiDAR imagery and 
field observation. 
 
GEOLOGICAL SETTING 
 
Almost all of the fore/aftershocks including the main shock 
(ML=5.8) are located around the Hwagok reservoir in 
Gyeongju. Basement rocks in the study area are 
Cretaceous sedimentary rocks, which were later intruded 
by Cretaceous and Paleogene igneous rocks (Fig. 1). 
 
The Cretaceous Daegu formation is composed of red, grey 
and greenish shale and sandstone. Some of this formation 
in contact with the granite is metamorphosed to hornfels. 
According to Kim et al. (1971), major faults were generally 

believed to be post-granite intrusion, and their trend is 
roughly N10°-20°E. Epicenters of the 9.12 earthquake and 
related aftershocks are mainly concentrated in the 
Naenam-myeon area, located around the junction 
between the Yangsan fault (YSF) and Ulsan fault (USF). The 
geometry of the intersection between the YSF and USF is 
similar to the suggested λ–fault system (Du and Aydin, 
1995) and reported small-scale λ –fault system (Kim et al., 
2000; Han et al., 2009). 
 

 
Figure 1: Geological map of the study area and its location, 
modified from Kim et al., (1971). Lineaments are multiple 
deformed strike-slip fault system and called ‘Yangsan fault 
system’(YSF: Yangsan fault, MYF: Milyang fault, MRF: Moryang 
fault, DNF: Dongnae fault, IGF: Ilgwang fault, USF: Ulsan fault). 
 
Several historical earthquakes have been reported around 
this area (Jin et al., 2011), and recently, more than 40 
Quaternary faults have been interpreted around the YSF 
and USF system (Lee et al., 2016). Therefore, this area is a 
historically and paleoseismologically active area in Korea. 
A subsidiary sub-parallel fault to the YSF was already 
recognized in the western part of the fault, but the name 
was not given and the activity has not been studied. 
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Abstract: The 9.12 Gyeongju Earthquake (ML=5.8) was followed by hundreds of aftershocks around Gyeongju, Korea. The focal 
mechanism of the main shock indicates 027° /76°of dextral strike-slip fault plane. There are many N-S to NNE-SSW trending 
lineaments, including the Yangsan fault (YSF) and the Deokcheon fault(DCF), which were recognized on the LiDAR image. The 
two major faults (YSF and DCF) are geometrically linked by several NE-SW trending lineaments. We identified that many of the 
NE-SW trending lineaments have evidences of faults based on field observation. Furthermore, almost all of the seismic events 
were concentrated in a narrow quadrangle area with a NE-SW trend between YSF and DCF. This geometry is similar to the 
reported examples of right bending/stepping linkage zone of two strike-slip faults. This result is well matched with previous 
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INTRODUCTION 
 
The biggest instrumental seismic event in South Korea 
(ML=5.8) occurred in Gyeongju City on 12th September, 
2016. The 9.12 Gyeongju Earthquake was followed by 
hundreds of small to medium scale aftershocks around the 
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roughly N10°-20°E. Epicenters of the 9.12 earthquake and 
related aftershocks are mainly concentrated in the 
Naenam-myeon area, located around the junction 
between the Yangsan fault (YSF) and Ulsan fault (USF). The 
geometry of the intersection between the YSF and USF is 
similar to the suggested λ–fault system (Du and Aydin, 
1995) and reported small-scale λ –fault system (Kim et al., 
2000; Han et al., 2009). 
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system’(YSF: Yangsan fault, MYF: Milyang fault, MRF: Moryang 
fault, DNF: Dongnae fault, IGF: Ilgwang fault, USF: Ulsan fault). 
 
Several historical earthquakes have been reported around 
this area (Jin et al., 2011), and recently, more than 40 
Quaternary faults have been interpreted around the YSF 
and USF system (Lee et al., 2016). Therefore, this area is a 
historically and paleoseismologically active area in Korea. 
A subsidiary sub-parallel fault to the YSF was already 
recognized in the western part of the fault, but the name 
was not given and the activity has not been studied. 
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Figure 2: Fore/aftershock distribution on the LiDAR image  
 
FORE/AFTERSHOCK DISTRIBUTION 
 
The distribution of the main shock and related aftershocks 
of the 9.12 earthquake is concentrated between the 
Yangsan fault and the subsidiary Deokcheon fault (DCF; Fig. 
2). It may indicate that the rupture of the related fault in 
depth is confined within this area. Furthermore, the 
aftershock distribution area is consistent with a previously 
reported fault linkage model (e.g. Kim et al., 2004). 
 
Based on the previous earthquake mechanism study 
(Sibson, 1989), aftershocks generally cluster in regions 
where mean stress has been reduced by slip on the main 
shock rupture. The concentrations of aftershocks in 
dilational fault jogs and bends, and immediately outside 
contractional jogs may support this idea. Our aftershock 
data from 9.12 Gyeongju earthquake is consistent with 
this previous study. 
 
LINEAMENT ANALYSIS BASED ON LIDAR IMAGES AND 
FIELD OBSERVATION 
 
LiDAR is a very powerful tool to get valuable DEM data 
even in high vegetation areas like Korea. We constructed 
hill-shade images from the DEM based on high resolution 
LiDAR data for a lineament analysis. A lineament is a 
useful linear feature in a landscape, because it is an 
expression of an underlying geological structure such as 
a fault (O’Leary et al., 1976). 
 

A suite of N-S, NNW-SSE, NNE-SSW, and NE-SW trending 
lineaments are recognized around the study area (Fig. 3). 
The main feature of the lineaments is the N-S to NNE-SSW 
trending major lineaments parallel to the main YSF and 
the subsidiary DCF, which are geometrically linked by 
several NE-SW trending connecting lineaments (Fig. 3). 
This geometry is very similar to the suggested linkage 
model of fault damage zones (Kim et al., 2004) and the 
aftershock distribution is consistent with the previous 
examples reported by Sibson (1989). 
 

 
Figure 3: A schematic model of rupture mechanism of the 9.12 
Gyeongju earthquake. The earthquake rupture occurred along a 
subsidiary fault in the fault damage zone around the YSF (modified 
from Kim et al., 2017). 
 
CONCLUSION 
 
The 9.12 Gyeongju earthquake (ML=5.8) occurred in 
2016 was the biggest instrumental seismic record on the 
Korean peninsula. We investigated exposed faults 
around the epicentral area of the 9.12 Gyeongju 
earthquake. Based on the LiDAR images and fieldwork, 
we have preliminary concluded that the 9.12 
earthquake rupture occurred at depth along a 
subsidiary fault located in the linking damage zone 
between the main YSF and its subsidiary fault (DCF). 
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Abstract: Although it is not easy to understand and predict earthquake damage patterns, several examples associated with 
earthquake damage show the importance of earthquake surface ruptures and fault damage zones as well as seismic shaking. 
The characteristics of earthquake fault (rupture) propagation, which is recorded as along-fault slip (or displacement) distribution, 
can provide us very useful information related to earthquake wave or energy propagation. Therefore, we could interpret the 
earthquake behavior from the patterns of slip and fault damages along earthquake ruptures. Earthquake damages also depend 
on the position along or around the faults including hanging wall and footwall of the faults. We also could consider several other 
factors such as the conditions of ground foundation including consolidation, the depth of hypocenter, distance and location 
related to the epicenter. 
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INTRODUCTION 
 
Although it is not easy to understand the intensities and 
patterns of earthquake damages, it is an important issue in 
earthquake hazard assessments and earthquake 
mitigation studies. If we could understand the relationship 
between earthquake damages and their controlling factors, 
we could greatly reduce the casualties as well as the costs 
by earthquakes. 
 
Especially, this is very important to site selection of critical 
facilities such as nuclear power plants and waste disposal 
sites. Although our knowledge is not enough to completely 
understand this issue, recently we got great progress from 
the studies of surface rupture, slip (displacement), 
earthquake propagation, and fault damage patterns (e.g. 
Sibson, 1989; Kim et al., 2003, 2004; Kim and Sanderson, 
2005; Choi et al., 2012). 
 
IMPORTANCE OF SURFACE RUPTURE AND FAULT 
DAMAGE ZONES 
 
Strong earthquakes (over M6) commonly produce surface 
ruptures, which is the one of the most serious effects by 
earthquakes. As shown in the Figure 1, most of the houses 
along the surface ruptures are completely demolished. 
However, other houses just several tens of meters away 
from the surface ruptures are slightly damaged. It means 
that understanding and predicting the precise position of 
surface ruptures are very important to estimate 
earthquake hazards. Most of co-seismic surface ruptures 
are results of reactivation of the pre-existing active faults. 
Thus, tracing pre-existing active faults is an important task. 
 
The most recently suggested classification divides fault 
damage zones into three main categories depending on 
concern and plane of description; cross-fault damage, along-
fault damage and around-tip damage (Fig. 2). Cross-fault 
damage (densely fractured rocks across a fault plane) is 
generally used to describe large scale faults across the fault 
zone, while along-fault damage (volume of deformed wall 

rocks developed along a fault trace) is relatively useful to 
describe small or medium scale faults along the fault trace. 
Around-tip damage (various damages depend around the 3D 
fault tips) is very useful to describe fault evolution, 
propagation, and fault tip modes (Kim et al., 2003, 2004). 
 

 
Figure 1: Surface ruptures related with the 1999 Mw7.6 Chi-Chi 
earthquake, Taiwan. Most of the houses on the surface ruptures are 
completely destroyed while other houses are not seriously damaged. 
 
However, an earthquake fault is composed of complicated 
structures including damage zones and branch faults, not a 
simple planar structure. Recently, fault zone architectures are 
classified in detail to understand the characteristics of faults 
(Caine et al, 1996; Kim et al., 2003, 2004; Choi et al., 2016). 
 
Fault damage zones are very important concept to 
understand and describe deformations around faults. 
Especially, the importance has well been reported from 
natural fault systems (Kim et al., 2003, 2004). Serious 
damages are observed especially at tip and linkage damage 
zones, which can produce high density of secondary faults 
and fractures. These damage zones are unsuitable 
locations for critical sites, but could be high potential sites 
for fluid flow such as ore or oil. Therefore, if we have strong 
background and knowledge on fault damage zones, it could 
be very useful for exploration of natural resources and site 
selection of critical facilities. 
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describe small or medium scale faults along the fault trace. 
Around-tip damage (various damages depend around the 3D 
fault tips) is very useful to describe fault evolution, 
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Figure 1: Surface ruptures related with the 1999 Mw7.6 Chi-Chi 
earthquake, Taiwan. Most of the houses on the surface ruptures are 
completely destroyed while other houses are not seriously damaged. 
 
However, an earthquake fault is composed of complicated 
structures including damage zones and branch faults, not a 
simple planar structure. Recently, fault zone architectures are 
classified in detail to understand the characteristics of faults 
(Caine et al, 1996; Kim et al., 2003, 2004; Choi et al., 2016). 
 
Fault damage zones are very important concept to 
understand and describe deformations around faults. 
Especially, the importance has well been reported from 
natural fault systems (Kim et al., 2003, 2004). Serious 
damages are observed especially at tip and linkage damage 
zones, which can produce high density of secondary faults 
and fractures. These damage zones are unsuitable 
locations for critical sites, but could be high potential sites 
for fluid flow such as ore or oil. Therefore, if we have strong 
background and knowledge on fault damage zones, it could 
be very useful for exploration of natural resources and site 
selection of critical facilities. 
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Figure 2: Conceptual models of fault and related damage zones 
(from Choi et al., 2016). Fault damage zones are classified in detail 
to properly describe. 
 
IMPORTANCE OF FAULT GEOMETRY AND LINKAGE 
 
Fault geometry and linkage is another important point to 
earthquake hazards. Several examples are reported from 
earthquakes and natural faults. The 2016 M7.3 
Kumamoto Earthquake is an ideal example of merging 
fault system (Fig. 3). 
 

 
Figure 3: Surface ruptures and locations of two main earthquakes 
and related minor earthquakes of the 2016 M7.3 Kumamoto 
Earthquake, Japan. 
 
Two successive earthquakes and related minor earthquake 
epicentres (foreshocks and aftershocks) are mainly 
concentrated at the merging point of the two faults (Futagawa 
Fault and Hinagu Fault). It means that the intersection 
between the two faults may affect to earthquake triggering. 
This type of non-parallel fault merging is described as λ-fault 
(Du and Aydin, 1995) and similar examples with higher 
damages have been reported (Kim et al., 2000). 
 
Fault linkage (e.g. Peacock, 1991) is an importance 
process/mechanism of fault growth and evolution. At early 
stages, small fault segments grow themselves and 
gradually interact with each other from soft-linked to hard-
linked to be a single fault. However, the behaviour of the 
overstep zone between the two segments is wholly 
different depending on slip sense and stepping direction, 
producing extensional or contractional overstep zones 

(Kim et al., 2004). These zones can produce a wide range 
of fracture patterns that depend on the nature of the 
interaction between the two fault segments. 
 
The fault linkage patterns have been reported from several 
earthquake surface ruptures (e.g. Jin and Kim, 2010; Choi et al., 
2012). It could be very useful to predict fault section involving 
future potential earthquake ruptures, especially when the 
ruptures are partly activated from the linking system (Fig. 4). 
 

 
Figure 4: Surface ruptures related with the 1999 Mw7.6 Chi-Chi 
earthquake, Taiwan and future potential ruptures based on the 
linking fault model (from Jin and Kim, 2010). 
 
DISPLACEMENT PATTERNS AND SLIP COMPENSATION 
 
Displacement or slip patterns along faults or surface 
ruptures are one of the key parameters to understand fault 
behaviour. The along-fault slip distribution is variable 
depending on several factors such as segmentation, linking 
stage, propagation direction and others. 
 
If we measure both components of slip (vertical and 
horizontal), we could get some more information. At some 
linkage parts, slip compensation is visible between the two 
components (Choi et al., 2012), while we could not find this 
phenomena at other linkage parts. It depends on the 
evolution stage between two segments and stepping 
direction. For example, along a strike-slip fault, if vertical 
displacement increases as horizontal displacement 
decreases, it may indicate barrier overstep zones. This also 
could be helpful to understand earthquake hazards and 
mechanical changes along active faults. 
 

 
Figure 5: Displacement patterns along the two surface ruptures 
related with the 1987 Mw6.6 Superstition Hills Earthquake, 
California and the 1957 Mw8.1 Gobi-Altay Earthquake, Mongolia. 
Two slip components are seperatedly measured and ploted, which 
show slip compensation at some parts (from Choi et al., 2012). 
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DAMAGE DIFFERENCES BETWEEN HANGING WALL AND 
FOOTWALL 
 
Differences in fracture density and damage between 
hanging wall and footwall of dip-slip faults have well been 
reported (e.g. Riley et al., 2011). It is well observed on 
several exposed outcrops showing clear difference 
between them with higher density of fractures in the 
hanging wall (Fig. 6). The difference in fracture density may 
result in color and weathering changes due to different 
fluid flow characteristics. 
 

 
Figure 6: An outcrop photo showing fracture density and damage 
difference between hanging wall (highly fractured) and footwall 
on a vertical section of a dip-slip fault. 
 
Earthquake damage difference between hanging wall and 
footwall can also appear obviously (Fig. 7). This may be 
related to not only the damage difference but also 
earthquake wave propagation. Epicenter is located on the 
hanging wall and the accumulated stress is released 
through hanging wall, because hanging wall is usually 
mobile block located above hypocenter. 
 

 
Figure 7: Earthquake damage difference between hanging wall 
and footwall by the 2005 Mw7.6 Kashmir Earthquake, Pakistan. It 
clearly shows damage difference across the fault, which is 
interpreted as a result from damage zone and seismic wave 
differences. 
 
DISCUSSION 
 
The intensity of earthquake damage (e.g. building damage) 
associated with a certain magnitude is very variable, which 
is depending on seismic property, geologic condition, 
building structure, distance from surface rupture or 
hypocenter, and etc. However, fault damage zone or 
permanent deformation is a very important issue, because 
the released stress is so high and we cannot avoid this 
damage by reinforcement design. It is mainly related with 

surface ruptures (Fig. 1) and it should be carefully 
considered for site selection of critical facilities (Fig. 8). 
Therefore, tracing active faults is very important to predict 
future potential surface ruptures. Moreover, the width of 
damage zones or respect distance (Munier et al., 1997) has 
been considered as an important factor to estimate 
earthquake hazards. 
 
However, the permanent deformation is closely related 
with 3D fault zone properties, which is a very complicate 
structure related with segmentation, geometry, slip sense, 
amount of slip, stepping, hanging wall and footwall, and 
etc. The components combined can produce various 
damage patterns. Therefore, it is very important to 
understand damage patterns and damage formation 
concept, because surface ruptures, aftershock clusters and 
damages are asymmetric and concentrated at some local 
areas around faults and affected by several factors. Thus, 
these are also probably related to rupture propagation and 
fault geometry. Therefore, the study on earthquake 
propagation and damage zone is a very important issue for 
earthquake hazard analysis. 
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should be considered to select proper sites for important facilities.  
 
CONCLUSION 
 
Earthquake damage patterns show the importance of 
earthquake surface ruptures and fault damage zones as 
well as seismic shaking. Slip (or displacement) 
distribution along the surface rupture can provide us very 
useful information related with earthquake wave or 
energy propagation. 
 
Earthquake damages also depend on the position along or 
around the faults including hanging wall and footwall. We 
could consider several other factors such as the conditions 
of geological madia, the depth of hypocenter, distance and 
location from the epicenter. 
 
Especially, permanent damages are very variable strongly 
depending on asymmetric fault geometries and surface 
ruptures. Therefore, tracing active faults and estimating 
respect distance (the expected deformation zone across 
the fault) are important. However, because damage 
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DAMAGE DIFFERENCES BETWEEN HANGING WALL AND 
FOOTWALL 
 
Differences in fracture density and damage between 
hanging wall and footwall of dip-slip faults have well been 
reported (e.g. Riley et al., 2011). It is well observed on 
several exposed outcrops showing clear difference 
between them with higher density of fractures in the 
hanging wall (Fig. 6). The difference in fracture density may 
result in color and weathering changes due to different 
fluid flow characteristics. 
 

 
Figure 6: An outcrop photo showing fracture density and damage 
difference between hanging wall (highly fractured) and footwall 
on a vertical section of a dip-slip fault. 
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earthquake hazards. This knowledge could be very useful 
to site selection of critical facilities such as nuclear power 
plants and waste disposal sites. 
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Abstract: The Great Basin area of the Basin and Range Province (USA) has geothermal systems that have been developed for 
power generation. Roosevelt Hot Springs is located on the western flank of the Mineral Mountains—a north-south-trending 
range of intermediate to felsic plutonic rocks and young rhyolite flows in southwestern Utah, USA. The Mineral Mountains do 
not have a range-front normal fault that is typical of most Basin and Range mountains. Two Quaternary normal-fault systems 
form a series of scarps that cut aggrading alluvial fans from the western flank of the Mineral Mountains. North to south, these 
include the Opal Mound fault and the Mineral Mountains West (MMW) faults. Using airborne lidar data, we performed detailed 
surficial-geologic mapping and fault scarp morphometric analysis along strike. Results indicate that the surface expression of 
these faults may have been affected during the Quaternary by the presence of subsurface circulating magmatically heated 
geothermal fluids. 
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INTRODUCTION 
 
The characteristics of surface-rupturing normal faults are 
critical to understanding seismic hazard in the Great Basin, 
Basin and Range Province, western USA (Fig. 1). The Basin 
and Range Province is a region of east-west extension 
covering a majority of the southwestern United States. It 
consists of north-south-striking, range-bounding normal 
faults that define a series of bedrock horst blocks and 
corresponding basins. Basin and Range extension began in 
the early Miocene (ca. 17.5 Ma) and continues today 
(Dickinson, 2006). Within the Great Basin, geothermal 
systems are common. Most developed hydrothermal 
systems are fault controlled (Faulds et al., 2011). In the 
Sevier Desert of southwestern Utah, several geothermal 
systems may have magmatic sources (Faulds et al., 2011). 
Recent work investigating late Quaternary faulting in the 
Sevier Desert indicates that geodetic rates are best 
explained by narrow magma-assisted rifting (Stahl and 
Niemi, 2017). 
 
The Roosevelt Hot Springs, located 350 km south of Salt 
Lake City, Utah, is a magmatic heat source geothermal 
system that currently generates up to 35 Mwe of gross 
power at the Blundell Power Plant (Simmons et al., 2016) 
(Fig. 2). Roosevelt Hot Springs is on the western flank of the 
Mineral Mountains, a 45-km-long north-south-trending 
mountain range consisting primarily of late Oligocene to 
late Miocene intrusive rocks (Nielson et al., 1986). Unlike 
most fault-bounded ranges of the Basin and Range (Fig. 1), 
the Mineral Mountains have no obvious surface expression 
of a range-front fault and active fans grade up to 4 km into 
bedrock embayments (Fig. 2). 
 
West of the Mineral Mountains, the Utah FORGE (Frontier 
Observatory for Research in Geothermal Energy) site (Fig. 
1, Fig. 2) is being considered for a competitive U.S. 

Figure 1: (A) Overview of location relative to the Great Basin (GB), 
Range Province (B&RP), and the Wasatch fault zone in Utah. (B) 
Regional Quaternary faults near the Utah FORGE site. The area is 
characterized by the southern terminus of the active Wasatch fault 
zone (WFZ), and Quaternary faulting driven by shallow 
magmatism in the Sevier Desert (Stahl and Niemi, 2017). 
 
Department of Energy grant to improve drilling technologies 
and techniques for developing enhanced geothermal 
systems using deep well fracturing techniques to break-up 
hot dry rock, developing permeability, and circulating water 
to produce geothermal energy (www.forgeutah.com). In 
2016, 0.5 m airborne lidar (light detection and ranging) data 
were collected along the western flank of the Mineral 
Mountains and adjoining basin floor (Fig. 1) to better 
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Department of Energy grant to improve drilling technologies 
and techniques for developing enhanced geothermal 
systems using deep well fracturing techniques to break-up 
hot dry rock, developing permeability, and circulating water 
to produce geothermal energy (www.forgeutah.com). In 
2016, 0.5 m airborne lidar (light detection and ranging) data 
were collected along the western flank of the Mineral 
Mountains and adjoining basin floor (Fig. 1) to better 
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characterize surface faulting and Quaternary deposits. These 
data are crucial to understand surface features that indicate 
the presence and relative activity of basement faults and 
fractures. This information is critical to potentially 
developing deep (2 – 3 km) enhanced geothermal systems 
(EGS) at the Utah FORGE project site (Fig. 2). 
 

Figure 2: Half-meter slope-shade image derived from lidar of the 
fault systems around Roosevelt Hot Springs. The east-dipping Opal 
Mound fault is considered a hydrologic barrier to geothermal fluid 
flow. The northern extent of the MMW faults is a graben system, 
initiating 8 km south of the FORGE project area. The graben has 
internal horsts and grabens, with some discontinuous faults 
outside of the surface expression of the main graben. 
 
The Quaternary surfaces west of the Mineral Mountains range 
front consist of a series of west-aggrading alluvial fans of 
various ages. These fans are derived from Quaternary 
extrusive rhyolite, felsic to mafic Tertiary plutonic rock, and 
Precambrian gneissic rocks exposed in the Mineral Mountains 
(Simmons et al., 2016). Alluvial fan material proximal to the 
Opal Mound fault has been partially cemented by siliceous 
sinter deposits associated with the Roosevelt Hot Springs 
geothermal system (Lynne et al., 2005). Additionally, the high-
stand shoreline of pre-historic Lake Bonneville cuts alluvial fan 
deposits 7 km west of the range front. Two dominant high-
angle normal fault systems are apparent from offset 
Quaternary alluvial fans: (1) the east-dipping Opal Mound 
fault (7 km long, mean scarp height: 11 m) capped by 
extensive opaline and siliceous sinter deposits, and (2) the 
northern 12 km of the MMW faults, with an 8-km-long graben 
that varies in width from ~700 to 1200 m with internal horst 

and graben blocks (mean scarp height: 3.5 m) (Fig. 2). The 
east-dipping Opal Mound fault is ~600 meters from the range 
front south of N. Mag wash, and 500 to 100 meters from the 
range front north of N. Mag wash (Fig. 2). 
 
The morphology of normal fault scarps in alluvium within the 
Basin and Range can be used to get a morphologic age 
(Wallace, 1977; Bucknam and Anderson, 1979; Hanks and 
Andrews, 1989). When an earthquake on a steeply dipping 
normal fault creates surface rupture, the surface is split into 
upper and lower offset surfaces and a fault scarp free face. As 
the free face is exposed to surface processes, colluvial and 
alluvial processes degrade the scarp, decreasing the scarp 
slope, and create a convex and concave slope at the top and 
bottom of the slope, respectively (Wallace, 1977). High 
resolution topographic data can be used to quickly and 
accurately measure topographic profiles of scarps and thus 
can be used to determine the morphologic age of fault scarps 
(Hilley et al., 2010; Brunori et al., 2013; Zielke et al., 2015). 
 
To better constrain faulting history, we mapped the 
Quaternary  faults and performed morphometric analysis of 
relevant fault scarps along strike of the Opal Mound and 
MMW faults. Alluvial fans that have been faulted by the Opal 
Mound and MMW graben faults are currently being mapped 
in detail to determine a relative history of deposition. Using 
scarp profile analysis, we show that the two fault systems 
have different morphologies along strike. The Opal Mound 
fault is highly geothermally influenced in its uncharacteristic 
fault height-to-length ratio and deposition of siliceous sinter 
along the fault length. The MMW faults and graben decrease 
in fault scarp height and slope at the fault terminus. The first-
order normal fault scarp morphologies of the Opal Mound 
and MMW faults are not similar to tectonic faults in the 
Basin and Range Province. 
 

 
Figure 3: GUI interface from Scarp Offset script (DuRoss, in prep.) 
showing selections of points for three iterations of three fault scarp 
measurements. The top chart is slope vs. horizontal distance and 
the bottom is elevation vs. horizontal distance. 
 
METHODS 
 
In February of 2017, the Utah Geological Survey (UGS) 
received ~520 km2 of high resolution lidar point cloud data 
and a 0.5-m bare-earth digital elevation model (DEM) of 
the Milford Valley and adjoining Mineral Mountains. We 
created derivative models and products from the DEM, 
including slope maps (0° – 33°), hillshade models from 
several sun angles, slope and aspect maps, and elevation 
contours. To compare fault scarp morphologies along 
strike, we generated elevation profiles from a 0.5-m lidar 



PROGRAMME                          8TH INTERNATIONAL PATA DAYS 2017204

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

DEM in Global Mapper v.14. Using a slope map, we 
collected topographic profiles perpendicular to fault scarps 
with sufficient length to ensure complete capture of 
undeformed alluvial fan surfaces on the hanging wall and 
footwall of the faults (Fig. 2; Fig. 3). 
 
We used Scarp Offset (v4g) (DuRoss, in prep.) in MatLab (v. 
R2017a) to analyze the fault scarp profiles. This script uses a 
graphical interface displaying elevation versus distance and 
slope versus distance to allow the user to select the upper and 
lower bounds (i.e., fault offset surfaces) and the fault scarp 
slope (Fig. 3). The script produces multiple measurements of 
the scarp to determine a preferred, mean, or midpoint offset 
value for the scarp and a minimum-maximum range. For this 
analysis, three measurement iterations were taken for each 
fault scarp profile based on (1) the topographic profile, (2) 
slope change, and (3) utilizing all the profile data, except for 
the fault scarp (Fig. 3). The value used in each scarp height and 
scarp slope measurement is the mean value of these three 
measurements (Fig. 4). 
 
RESULTS 
 
For this study, we analyzed the northern 12 km of the ~35 
km MMW fault system. The west-dipping single-strand 
fault system splays northward into an 8-km-long graben 

just south of Coral Canyon wash (Fig. 2). Fault scarp heights 
for the 12 km fault length range from 0.3 to 12.3 m 
(average: 3.2 m) and scarp slopes range from 3° to 16° 
(average: 6.5°). Within the graben, east-dipping scarps 
have an average height and slope of 3.18 m and 5°, 
respectively, and west-dipping faults have an average 
height and slope of 3.16 m and 7°, respectively. Both east-
and-west-dipping graben scarps increase in height and 
slope south of the FORGE area.  
 
Opal Mound and MMW fault scarps have been affected by 
surface processes over time. The Opal Mound scarp is cut by 
two significant drainages: the N. Mag wash and a smaller 
wash south of the Blundell power plant (Fig. 2). Post-Lake 
Bonneville high-stand (< 18 ka) alluvial deposits locally cover 
MMW faults and are not displaced (Fig. 2). Our mapping 
shows that fault scarps are scant north of the FORGE site. 
 
Previous work on the Opal Mound fault characterized the 
siliceous sinter deposited from the interaction of faulting on 
the Opal Mound fault and circulating siliceous geothermal 
fluids over time (Lynne et al., 2005). A paleoseismic trench 
from another previous study of the Opal Mound fault 
revealed extensive siliceous sinter deposits and a 10-m shear 
zone with cemented shear fabrics and fault offsets of 5 – 33 
cm (Brogan and Bucknam, 1981). 
 

Figure 4: Slope-shade image of the western Mineral Mountains showing location and extent of fault-scarp elevation profiles. Graph 
shows fault scarp height and slope along strike of the MMW faults and the Opal Mound fault.  
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DISCUSSION 
 
Results from the first phase of fault characterization 
indicate that Quaternary faulting along the base of the 
western Mineral Mountains is strongly influenced by 
geothermal activity.  This is particularly apparent for the 
Opal Mound fault. The Opal Mound fault’s maximum scarp 
height (18 m) is anomalously large for its short length (7 
km). Abundant siliceous sinter deposits mapped along the 
Opal Mound fault have likely influenced differential 
erosion along the fault.  The scarp heights measured along 
the Opal Mound fault represent both fault offset and sinter 
deposition and are thus unreliable for traditional 
estimations of earthquake magnitude given fault length 
and scarp height (e.g., Wells and Coppersmith, 1994). 
 

 
Figure 5: Scarp height (log) plotted against scarp slope angle with 
a logarithmic regression. Regression functions from other Basin 
and Range faults reported in Bucknam and Anderson (1979).  
 
Temperature data derived from local deep geothermal 
wells show conductive temperature gradients below 2 km 
depth and temperatures > 200°C west of the Opal Mound 
fault (Allis et al., 2016). The connection between the 
Quaternary movement of MMW faults and presence of 
geothermal fluids in hot basement rocks is suspicious and 
requires further investigation. In comparing the Opal 
Mound and MMW faults to other faults of the eastern 
Basin and Range, scarp slopes are not as steep for a given 
scarp height (Fig. 5). This could potentially be due to less 
activity in the Quaternary. However, the presence of 
circulating geothermal fluids from magmatic intrusions 
interacting with basement faults, especially the Opal 
Mound fault, required further examination before 
Quaternary fault activity can be determined. 
 
Future work includes luminescence dating of the faulted 
alluvial fans to determine the age of these deposits. The 
burial ages of quartz and feldspar sand in offset fans will 
give maximum ages for fan surface abandonment, where 
applicable. Additionally, these ages will be used in scarp 
degradation modeling to better constrain the morphologic 
age of faults scarps to better understand their activity in 
the Quaternary. 
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Abstract: The Mw 7.8, 2016 Kaikoura earthquake is a stunning example of multi-stranded rupture. A large variety of faults have 
been activated, including thrust faults and strike-slip faults. As on-shore ruptures are often located in pasture or wilderness areas 
with limited piercing lines straddling ruptures, determining surface-slip distribution for the different fault segments is difficult. 
Here, applying optical correlation techniques to high-resolution satellite images (Sentinel2, Spot6 and Pleiades) we are able to 
derive horizontal displacement field with a resolution of about 2 meters in the direct vicinity of the main surface ruptures. Such 
high resolution provides insight into slip variation correlated with variation of the rupture geometry and off-fault damage. 
Eventually, combining these results with dynamic rupture models, we can explore different rupture scenarios at the junction 
between the Papatea, the Jordan thrust and the Kekerengu faults.
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On the 14th of November 2016, the Mw 7.8 Kaikoura 
earthquake ruptured a series of faults in the northern part 
of the South Island in New Zealand. The rupture involved 
some displacement on a blind thrust fault, which is 
described as being the southern end of the Hikurangi 
megathrust (i. g. Duputel and Rivera, 2017), and 
displacement on several crustal faults that are part of the 
Marlborough fault zone (Hamling et al., 2017). Many of 
these crustal faults did rupture the surface with 
displacement that could reach several metres, dominated 
by strike-slip motion with a secondary component of 
thrusting. Some ruptures were also located off-shore, 
which are not yet well documented. 
 
Although complex ruptures involving several parallel 
strands with slip-partitioning or branching are not 
unusual in continental settings (e.g. Klinger et al., 2005; 
Xu et al., 2009; Choi et al., 2017), the Kaikoura rupture 
represents an extreme case with at least 15 different 
faults that did rupture almost simultaneously (Stirling et 
al., 2017). Although the dominant direction of the crustal 
faults that ruptured is SW-NE, accommodating right-
lateral strike-slip motion, in several places, such as the 
North Leader fault or the Papatea fault, displacement 
took place along faults oriented SE-NW to N-S. The 
orientation of these faults promotes compressional 
motion in addition to left-lateral displacement. 
 
Because the rupture is complex and the instrumental 
coverage is limited, deciphering the details of the rupture 
history remains difficult. Remote sensing techniques using 
radar data are limited in resolution and could saturate at 
close distances from the surface rupture (Hamling et al., 
2017). Seismological data, because of the limited number 
of strong motion instruments at short distance, are also 
limited in resolving details of the rupture process (Duputel 
and Rivera., 2017; Kaiser et al., 2017; Zhang et al., 2017). 

Indeed, recent earthquake surface-rupture studies have 
shown that details of the surface rupture geometry and slip 
distribution can be useful to get some insights in large-
magnitude earthquakes (Vallage et al., 2016; Rockwell & 
Klinger, 2013; Klinger et al., 2017; Choi et al., 2015). 
Despite remarkable fieldwork of many New Zealand 
scientists, detailed slip distribution remains difficult to 
establish for the several fault sections activated during the 
Kaikoura earthquake. One reason is that a large part of the 
land affected by surface ruptures is remote, mostly 
through farm-lands and wilderness areas, some forested. 
Hence, obvious piercing lines to measure reliable 
horizontal offsets are not so numerous. A second reason is 
that in many places, in addition to the dominant strike-slip 
motion, is a variable amount of dip-slip motion. Often, the 
direct effect of such dip-slip component is to make the 
surface expression of the rupture more complex and 
potentially to distribute deformation over a wider area, as 
it has already been documented for other earthquakes 
(Vallage et al., 2015). 
 
To cope with these difficulties, we used optical correlation 
technics with high-resolution satellite images. Unlike 
previous studies that used images with decametric pixel 
size (Hollingsworth et al., 2017; Kääb et al., 2017; Girod et 
al., 2017), we focused our processing on images with 
metric pixel size, which gives us access to full fault 
geometry details. In the next sections, we present briefly 
the data and the methodology that we used to image in 
details horizontal displacements along the Jordan Thrust 
Fault, the Papatea fault and the Kekerengu fault. Then we 
present preliminary maps of amplitude displacement and 
variability of direction of displacement. We also point to 
some specific characteristics of the deformation field that 
could inform us on possible rupture scenarios. 
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On the 14th of November 2016, the Mw 7.8 Kaikoura 
earthquake ruptured a series of faults in the northern part 
of the South Island in New Zealand. The rupture involved 
some displacement on a blind thrust fault, which is 
described as being the southern end of the Hikurangi 
megathrust (i. g. Duputel and Rivera, 2017), and 
displacement on several crustal faults that are part of the 
Marlborough fault zone (Hamling et al., 2017). Many of 
these crustal faults did rupture the surface with 
displacement that could reach several metres, dominated 
by strike-slip motion with a secondary component of 
thrusting. Some ruptures were also located off-shore, 
which are not yet well documented. 
 
Although complex ruptures involving several parallel 
strands with slip-partitioning or branching are not 
unusual in continental settings (e.g. Klinger et al., 2005; 
Xu et al., 2009; Choi et al., 2017), the Kaikoura rupture 
represents an extreme case with at least 15 different 
faults that did rupture almost simultaneously (Stirling et 
al., 2017). Although the dominant direction of the crustal 
faults that ruptured is SW-NE, accommodating right-
lateral strike-slip motion, in several places, such as the 
North Leader fault or the Papatea fault, displacement 
took place along faults oriented SE-NW to N-S. The 
orientation of these faults promotes compressional 
motion in addition to left-lateral displacement. 
 
Because the rupture is complex and the instrumental 
coverage is limited, deciphering the details of the rupture 
history remains difficult. Remote sensing techniques using 
radar data are limited in resolution and could saturate at 
close distances from the surface rupture (Hamling et al., 
2017). Seismological data, because of the limited number 
of strong motion instruments at short distance, are also 
limited in resolving details of the rupture process (Duputel 
and Rivera., 2017; Kaiser et al., 2017; Zhang et al., 2017). 

Indeed, recent earthquake surface-rupture studies have 
shown that details of the surface rupture geometry and slip 
distribution can be useful to get some insights in large-
magnitude earthquakes (Vallage et al., 2016; Rockwell & 
Klinger, 2013; Klinger et al., 2017; Choi et al., 2015). 
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establish for the several fault sections activated during the 
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motion, is a variable amount of dip-slip motion. Often, the 
direct effect of such dip-slip component is to make the 
surface expression of the rupture more complex and 
potentially to distribute deformation over a wider area, as 
it has already been documented for other earthquakes 
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previous studies that used images with decametric pixel 
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al., 2017), we focused our processing on images with 
metric pixel size, which gives us access to full fault 
geometry details. In the next sections, we present briefly 
the data and the methodology that we used to image in 
details horizontal displacements along the Jordan Thrust 
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The correlation of our different sets of optical satellite 
images has been processed with the free software package 
MicMac (Rosu et al., 2014; Rupnik et al., 2016). We 
processed two specific sets of images. One set of images is 
formed by ESA Sentinel-2A images that were acquired on 
April 9th, 2016 and on December 15th, 2016. The Sentinel-
2A images are multi-spectral images, acquiring information 
on 13 channels, with a ground resolution ranging between 
10 m and 60 m, depending on the channel. The three 
channels in the visible spectrum, blue, green and red-near 
infrared, have a resolution of 10 m. Although the Sentinel-
2A images are not very high resolution and therefore might 
not bring much additional information compared to what 
was already published, processing the Sentinel-2A data 
proved useful at least in one aspect: the maximum width 
of the Sentinel-2A images is 290 km. Even if one part of the 
image is actually imaging the sea, this kind of image allows 
imaging at once a large portion of ground, including some 
part that can be assumed with no significant displacement. 
This is used to fine tune the image processing and to limit 
uncorrected defects due to satellite attitude issues. 
Eventually, from these images it was possible to produce a 
co-seismic horizontal-displacement field with a resolution 
of 10 m over the entire area of rupture. 
 
Our second set of images is composed on one hand of a 
stereo-pair of CNES SPOT6 images acquired before the 
Kaikoura earthquake, in May 2014. These images are 
panchromatic images with a ground resolution at nadir of 
1.8 m. On the other hand, we used a tri-stereo acquisition 
from the CNES Pleiades satellite. These images were 
acquired in January 2017. These images are panchromatic 
images with a ground resolution at nadir of 50 cm. A major 
difficulty with such images is that the acquisition width is 
more limited and it might be difficult to have zero-
deformation zone inside the image. For both the SPOT6 
and the Pleiades images, first we computed a DEM of the 
area that was latter used to orthorectify the different 
images. Eventually, we had 2 ortorectified SPOT6 images 
and 3 orthorectified Pleiades images focused on the main 
deformation zone of the Kaikoura event. The Pleiades 
images were downsampled to 1.8m using a near-
neighborhood scheme to be of similar resolution as the 
SPOT6 images. Eventually, using the MicMac package the 
images were correlated to produce 1.8 m resolution 
horizontal displacement maps in E-W and N-S directions. 
Ramp artifact and sensor correction were removed, in part 
using the Sentinel-2A correlation as a reference. 
 
Figure 1 shows the horizontal displacement amplitude map 
centered on the junction between the Jordan Thrust fault, 
the Kekerengu fault and the Papatea fault. Figure 2 shows 
the continuation of the same map towards the North, along 
the Kekerengu fault. The small vectors on top of the 
amplitude map indicate the direction of motion. Although 
these maps are still preliminary, some observations can be 
made. In the northern part of the Kekerengu fault (Fig. 2) it 
is very clear that the dominant displacement is right-lateral 
strike-slip, parallel to the fault. Profiles across the fault zone 
in this section indicate displacement on the order of 6 to 10 
m, in agreement with field measurements (Stirling et al., 

2017). A component of shortening that becomes more 
important as one moves southward is visible from the 
progressive orientation of the slip vector. This is particularly 
visible in the northern part of Fig. 1 and in its continuation in 
the southern part of Fig. 2. The shortening component is 
dominant along the Papatea fault, where the eastern block 
is clearly moving westward. The wedge in-between the 
Papatea fault and the Jordan Thrust fault is moving 
southward, consistently with left-lateral motion along the 
Papatea fault and right-lateral motion along the Jordan 
Thrust fault, as shown in Hamling et al. (2017). 
 

 
Figure 1: Amplitude image of horizontal displacement at the triple-
junction between Jordan Thrust fault (JTF), Kekerengu fault (KKF) 
and Papatea fault (PPF). Negative values towards SW. Arrows 
show direction of motion. 
 

 
Figure 2: Amplitude image of horizontal displacement along the 
northern section of the Kekerengu fault. Negative values towards 
SW. Arrows show direction of motion. 
 
A feature revealed by the high-resolution correlation is the 
distribution of the deformation along the Kekerengu fault. 
Following the rupture southward, Figs. 1 and 2 show that 
the rupture goes from a very sharp localized rupture in the 
North to a more distributed rupture. The distributed 
deformation zone is characterized by the widening yellow 
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ribbon along the Kekerengu fault towards the triple-
junction. This distributed section ends abruptly as one 
passes the triple-junction and the rupture becomes highly 
localized again along the Jordan Thrust fault. Hence, we 
interpret the existence of the distributed deformation zone 
as a direct effect of the triple junction. Actually, a similar 
pattern can be seen along the Papatea fault where 
deformation becomes more distributed as ones get closer to 
the triple junction (the length of the slip vector shows 
distributed slip). At the same place, in the inner corner 
between the Papatea fault and the Kekerengu fault, the 
direction of displacement becomes messy, which 
characterize an area of large damage. Another zone of 
distributed deformation can be recognized at the southern 
end of the Papatea fault. There, locally amount of 
deformation decreases in the fault zone, which characterizes 
distributed deformation. In that case, it is consistent with the 
existence of multiple faults traces mapped at the toe of the 
Papatea range (Clark et al., 2017). Because these fault 
strands accommodate mostly vertical motion they are more 
difficult to see them in our displacement maps, which are 
more sensible to horizontal motion. 
 
Eventually, based on the pattern of deformation we can 
evidence from high-resolution horizontal deformation 
maps, we could question rupture processes during the 
Kaikoura rupture. Our new displacement maps show that 
in general displacement is highly localized along faults, but 
except when one gets closer to the triple junction. Close to 
the triple junction, both the Papatea fault and the 
Kekerengu fault display more distributed deformation. 
Significant damage could be mapped in the inner corner 
between these two faults. Conversely, the inner corner 
between the Jordan Thrust fault and the Papatea fault 
does not display any specific indication of damage or 
distributed deformation. Such dissymmetry in the pattern 
of deformation relative to position of the different faults 
forming the triple junction could be indicative of the way 
rupture propagated during the Kaikoura earthquake. 
Seismological data show that during the Kaikoura 
earthquake, the rupture initiated in the South and then 
propagated northward. The second major burst of seismic 
moment release corresponds to the activation of the thrust 
fault associated to Hikurangi megathrust. Then the next 
major seismic moment release is associated with slip north 
of the thrust patch, around the Kekerengu fault, although 
details of fault activation are not known yet. Hence, based 
on distribution of damage, we suggest that following the 
activation of slip on the thrust fault, the Papatea fault 
might have been activated first with rupture propagating 
north-westward towards the triple junction. At the triple 
junction, the rupture would jump on the Kekerengu fault 
to propagate mainly northward, although some slip would 
also be triggered on the Jordan thrust fault. Damage in the 
inner corner between the Papatea and the Kekerengu 
faults would results from part of the rupture shortcutting 
the triple junction. Dynamic rupture propagation models 
favor such scenario as they show that it would be almost 
impossible for a rupture propagating northward on the 
Jordan Thrust fault to branch backward on the Papatea, 
considering the regional stress conditions. An alternative 

scenario that cannot be ruled out at the moment would be 
simultaneous rupture on different fault sections, although 
it would not explain the specific distribution of damage. 
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does not display any specific indication of damage or 
distributed deformation. Such dissymmetry in the pattern 
of deformation relative to position of the different faults 
forming the triple junction could be indicative of the way 
rupture propagated during the Kaikoura earthquake. 
Seismological data show that during the Kaikoura 
earthquake, the rupture initiated in the South and then 
propagated northward. The second major burst of seismic 
moment release corresponds to the activation of the thrust 
fault associated to Hikurangi megathrust. Then the next 
major seismic moment release is associated with slip north 
of the thrust patch, around the Kekerengu fault, although 
details of fault activation are not known yet. Hence, based 
on distribution of damage, we suggest that following the 
activation of slip on the thrust fault, the Papatea fault 
might have been activated first with rupture propagating 
north-westward towards the triple junction. At the triple 
junction, the rupture would jump on the Kekerengu fault 
to propagate mainly northward, although some slip would 
also be triggered on the Jordan thrust fault. Damage in the 
inner corner between the Papatea and the Kekerengu 
faults would results from part of the rupture shortcutting 
the triple junction. Dynamic rupture propagation models 
favor such scenario as they show that it would be almost 
impossible for a rupture propagating northward on the 
Jordan Thrust fault to branch backward on the Papatea, 
considering the regional stress conditions. An alternative 

scenario that cannot be ruled out at the moment would be 
simultaneous rupture on different fault sections, although 
it would not explain the specific distribution of damage. 
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Abstract: The Castle Mountain fault extends across the northern Alaska Aleutian subduction zone forearc and accommodates a 
component of the 55 mm/yr of convergence between the Pacific and North American plates. Lidar and field based mapping 
indicates that the trace of the fault is characterized by hanging-wall grabens, south-facing scarps, and folded surfaces, consistent 
with high-angle reverse faulting. Left-stepping en echelon scarps superimposed on larger scarps suggest a component of right-
lateral deformation however lateral offsets of geomorphic markers remain elusive. Trench observations indicate thickness 
differences of stratigraphic units across fault strands and the presence of a soil (~12,000 cal. yr BP) that buries fault strands 
associated with the penultimate event and is folded and displaced by the most recent event. The observations suggest that 
earthquakes along the fault are characterized by recurrence of 1000’s of years and partitioned vertical and lateral slip, however 
reverse displacement is the dominant component. 
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INTRODUCTION 
 
The Castle Mountain fault (CMF) in southcentral Alaska 
extends from the southern front of the Talkeetna 
Mountains on the east to west of Mount Susitna, and 
represents the structural boundary between the Cook Inlet 
forearc basin on the south and the Susitna basin on the 
north (figure 1). In this area, subduction of the Pacific plate 
beneath North America (~55 mm/yr) has caused right-
transpressional deformation across southern Alaska, 
counter-clockwise rotation of the crust (generally north of 
the CMF), and the development of folds within Cook Inlet 
south of the CMF. The CMF has a regional orientation of 
240° and poses a significant surface fault rupture hazard to 
the Susitna lowland and strong ground motion hazard to 
the city of Anchorage. The U.S. National Seismic Hazards 
map considers the fault capable of generating an 
earthquake with a maximum magnitude of Mmax 7.1 based 
primarily on smoothed seismicity and limited paleoseismic 
data (Wesson et al., 2007). 
 
Interpretation of geophysical data from the Susitna 
lowland indicates late Tertiary, north-side-up, dip-slip 
movement of at least 0.5 km and development of a 4-km-
wide anticline (Haeussler et al., 2000). Bedrock mapping to 
the east indicates post-Paleocene lateral slip of ~14 km 
(Fuchs, 1980; Kelly, 1963). Evidence for active deformation 
includes a well-defined ~60-km-long topographic scarp 
that is readily identifiable by distinct vegetation lineaments 
in the Susitna lowland (figure 2) and the occurrence of two 
moderate historic earthquakes in 1983 (Mw5.7, Lahr et al., 
1986) and 1996 (M4.6) along the base of the Talkeetna 
Mountains (figure 1). 
 

Figure 1: Shaded relief map of south-central Alaska, showing the 
location of the CMF and Denali faults. Circles show shallow crustal 
seismicity of M>3 from 1980 through 2011. Star shows general 
location of historic earthquakes along the CMF. MS, Mount 
Susitna; TKM, Talkeetna Mountains; Anc, Anchorage. Faults from 
Koehler (2013) with colors indicating relative activity including: 
red, historic; orange, Latest Pleistocene to Holocene; yellow, latest 
Quaternary; purple, Quaternary; black, suspicious. 
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Previous paleoseismic investigations (figure 3) report 
conflicting results regarding the style and rate of Quaternary 
deformation. Detterman et al. (1974) dated a buried soil 
exposed in a trench excavated across a 2.1-m-high scarp east 
of the Little Susitna River and implied an 1,860 ±250 yr BP 
age for the most recent event. At this locality, the fault dips 
75° north. Detterman et al. (1974) also suggested possible 
right-lateral displacements of 3.6 to 7 m. Trenching studies 
by Haeussler et al. (2002) suggest thrust motion along the 
fault and the occurrence of four late Holocene earthquakes 
in the last 2,700 years with an average repeat time of ~700 
years. A late Pleistocene-Holocene right-lateral slip rate of 2-
3 mm/yr was estimated by Willis et al. (2007) based on 
lateral offset of 36 m measured on an inferred post-glacial 
channel margin. Thus, motivated by these conflicting data, a 
series of lidar geomorphic mapping and paleoseismic 
trenching investigations were conducted. Here, I present 
observations from these studies that shed light on the style 
of deformation and the number of latest Pleistocene-
Holocene earthquakes. The results have important 
implications to the estimation of fault rupture parameters 
for infrastructure design and seismic hazards assessments 
for southern Alaska. 
 

 
Figure 2: View West of the Castle Mountain fault. The fault is 
clearly expressed as a distinct vegetation lineament characterized 
by large deciduous tres growing along the uplifted North side of 
the fault and stunted black spruce growing south of the fault. 
Mount Susitna in the background. 
 

 
Figure 3: Lidar hillshade showing previous paleoseismic studies 
along the Castle Mountain fault. Green, Detterman et al., 1974; 
orange, Willis et al., 2007; blue, Haeussler et al., 2002; yellow, 
this study. Location shown on Figure 1. 
 
RESULTS AND DISCUSSION 
 
Surficial-geologic mapping was performed across ~40 km 
of the Susitna lowland to independently evaluate the 
results of previous paleoseismic investigations and to 
better characterize faulted deposits and fault rupture 
parameters. The mapping indicates that the fault is 
characterized by three relatively straight, well-expressed 

and clearly defined traces that gradually change strike from 
east to west from 242°to 236°. These traces are separated 
by two ~1-km-wide bands trending ~270° including one 
where the Little Susitna River crosses the fault and another 
in the vicinity of Fish Creek. In some areas, the scarp is 
confined to a narrow zone less than several meters. 
However, much of the fault trace is characterized by wide 
zones (25-150 m) of left-stepping en echelon surface 
scarps oblique to the trace of the fault and left stepping 
grabens up to 400 m north of the main scarp (figure 4). In 
the vicinity of steps in the surface trace, the fault trace 
lacks a well-defined scarp and is characterized by a broad 
anticline associated with a gentle south-facing slope north 
of the fault indicating that the fault may have a shallow dip 
and be blind in those areas. 
 

 
Figure 4: Lidar hillshade images and corresponding slope maps 
illustrating scarp morphology. A) Left-stepping en echelon scarps 
superimposed on larger south-facing scarp and left-stepping 
grabens north of the main fault. B) Wide zone of anastamosing 
scarps and abandoned early Holocene stream channels that are 
vertically offset. C) Displaced oxbow lakes and floodplain deposits of 
the Little Susitna River. Black arrow indicates location of the CMF in 
each image. 
 
Offset late Elmendorf (14-15 ka) glacial and Holocene 
deposits including glacial drift, sandy fan deltas, outwash 
plains, grounding-line moraines, stream terraces, and 
oxbow lakes (Koehler et al., 2012) provide observations 
that bear on the style and amount of displacement (figures 
5 and 6). Vertical displacements across these deposits vary 
in height from ~0.5 to 5 m. Larger scarps are typically a 
composite of several overlapping smaller scarps. These 
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smaller scarps maintain a consistent morphology across 
the entire lowland and likely represent the topographic 
expression of the most recent event. All of these scarps are 
consistently south-facing. 
 
Numerous abandoned channels, stabilized sand dunes, 
and terrace margins oriented orthogonal to the scarp are 
vertically offset, and show relatively little lateral 
displacement (figure 4b). Based on the lidar and field 
surveys, geomorphic features typical of strike-slip faults 
are absent. In particular, sag ponds, pressure ridges, 
oppositely facing scarps, linear valleys and troughs, and 
offset streams are not present. It is possible that glacial 
advances removed all evidence of late Pleistocene lateral 
offsets and that the Holocene features present on the 
Susitna lowland are too young and subtle to preserve 
evidence of lateral displacement. Although inspection of 
lidar hillshades and field exposures did not reveal evidence 
of lateral displacement, it is acknowledged that lateral 
offset of up to a meter may not be recognizable due to the 
curvilinear pattern of geomorphic features where they 
cross the fault. Sand dune offsets of 3.6-7 m reported by 
Detterman et al. (1974) could not be independently 
verified. The cumulative surficial geomorphic observations 
across the Susitna lowland strongly suggests that the 
dominant sense of displacement in the Holocene has been 
reverse, with a permissible albeit lesser component of 
right-lateral strike-slip.  
 
Two trenches (CMF-1 and CMF-2) were excavated 
approximately 5 km west of the Parks Highway in the Little 
Susitna River valley (figure 5). The purpose of the trenching 
was to assess the number of displacement events and 
better characterize rupture parameters including the dip of 
the fault in the shallow subsurface and style of 
deformation. The trenches were excavated across an ~1-
m-high south-facing scarp that cuts flood deposits inset 
into a late Elmendorf (14-15 ka) grounding-line moraine. 
The margin of the grounding-line moraine does not exhibit 
any appreciable lateral displacement (figure 5).  
 
Both trenches exposed interbedded layers of well-sorted 
sand and poorly sorted pebble-cobble gravels that 
postdate the grounding-line moraine (figure 6). These 
strata are cut by a 1- to 2-m-wide fault zone. Folded strata 
north of the fault zone indicate that the total zone of 
deformation is distributed over a 4-m-wide zone. 
Stratigraphic and structural relations exposed in the 
trenches provide evidence for at least two earthquakes in 
latest Pleistocene/Holocene time (figure 6). The most 
recent event is associated with several anastomosing 
subvertical fault traces that break the surface and form the 
scarp. A small graben or depression is present south of the 
main scarp and is bound by a second set of faults that dip 
47° to 70° north. These faults are buried by a subtle soil and 
overbank sand deposit, providing evidence for the 
penultimate earthquake. Radiocarbon analyses of charcoal 
from within the buried soil indicate that the penultimate 
earthquake occurred prior to about 12,000 cal yr BP. Drag 
folding, discreet vertical offsets, stratigraphic 
juxtapositions, and thickness changes across individual 

fault traces are consistent with both vertical and lateral 
displacement. Although facies and thickness changes of 
the thin fluvial deposits make correlation of stratigraphic 
units difficult, the gross stratigraphic packages are 
generally consistent across the fault zone, suggesting that 
the dominant mechanism of deformation is vertical 
displacement and hanging-wall folding. Lateral 
juxtapositions of stratigraphy across some faults indicate a 
small component of lateral displacement.  
 

 
Figure 5: Lidar hillshade of the Castle Mountain fault trench Site. 
Fault extends along arrow tips. Dashed black line Is the margin of 
the late Elmendorf grounding-line moraine and shows negligable 
lateral offset. 
 

 
Figure 6: Stratigraphic log of the east Wall of Castle Mountain fault 
trench CMF T-1. Unit 4, Sand, indurated (glacio-fluvial); Unit 3c, 
interbedded sand, gravel, and pebbly sand (fluvial); Unit 3b, sand, 
fine-grained (fluvial); Unit 3c, cobble and course gravel (fluvial); 
Unit 2, sand, fine-grained (fluvial); Unit 1, silt and very fine-grained 
sand (loess). Roots and modern peat mat comprise the upper unit.  
 
CONCLUSION 
 
Based on the mapping of scarp and fault zone 
morphology, rupture trace geometry, and continuity of 
geomorphic features across the fault, earthquakes 
along the Castle Mountain fault are best characterized 
by oblique reverse faulting above a north-dipping fault. 
The grabens north of the fault are the product of folding 
and extension (bending moment deformation) in the 
crest of an anticline developing in the hanging wall of a 
reverse fault consistent with the Tertiary anticline 
geophysically imaged at depth. The left-stepping en 
echelon pattern of scarps and grabens on the surface 
and stratigraphic juxtapositions in the trenches permit 
a small oblique component of right-lateral slip. The 
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Unit 2, sand, fine-grained (fluvial); Unit 1, silt and very fine-grained 
sand (loess). Roots and modern peat mat comprise the upper unit.  
 
CONCLUSION 
 
Based on the mapping of scarp and fault zone 
morphology, rupture trace geometry, and continuity of 
geomorphic features across the fault, earthquakes 
along the Castle Mountain fault are best characterized 
by oblique reverse faulting above a north-dipping fault. 
The grabens north of the fault are the product of folding 
and extension (bending moment deformation) in the 
crest of an anticline developing in the hanging wall of a 
reverse fault consistent with the Tertiary anticline 
geophysically imaged at depth. The left-stepping en 
echelon pattern of scarps and grabens on the surface 
and stratigraphic juxtapositions in the trenches permit 
a small oblique component of right-lateral slip. The 
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oblique motion may be related to a combination of 
counter-clockwise rotation of south-central Alaska, 
oblique subduction along the Alaska-Aleutian 
subduction zone, and geodetically observed westward 
motion of the Kenai Peninsula (Snay et al., 2013; 
Fletcher, 2002). The fault scarp morphology along the 
CMF is similar to other historic oblique ruptures 
including the 1980 El Asnam and 1988 Spitak, Armenia 
earthquakes (Philip and Meghraoui, 1983; Philip et al., 
1992). These similarities include stepping en echelon 
scarps superimposed on vertical scarps and grabens on 
the hanging wall and provide additional support for the 
partitioning of slip along the CMF between vertical and 
right-lateral strike-slip components. 
 
The observations on the style and amount of slip differ 
from the view of Willis et al., (2007) in terms of the 
amount of lateral displacement. The previously reported 
slip rate of 3 mm/yr is likely too fast and may be closer to 
the long-term bedrock rate of <0.3 mm/yr that can be 
inferred from the offsets reported by Fuchs (1980). The 
trenching results indicate the occurrence of at least 2 
latest Pleistocene-Holocene events, an apparent lesser 
number of events than the four events in the last 2700 
years previously reported by Haeussler et al. (2002). If 
true, the two events in the latest Pleistocene 
documented here suggest recurrence intervals of several 
thousand years. However, it is acknowledged that 
additional unrecognized Holocene events may have only 
been expressed by subtle folding at the site and that 
additional studies are necessary to resolve the apparent 
discrepancy in the number of Holocene events. 
 
Continuous clearly expressed Holocene fault scarps extend 
from the Parks Highway westward to the Susitna River. 
Observations from reconnaissance and proprietary 
industry studies indicate that Holocene scarps may extend 
several tens of kilometres west of the Susitna River. Thus, 
previous estimates of Mmax may underestimate the 
maximum earthquake potential of the Castle Mountain 
fault. Additional studies focused on better bracketing the 
ages of paleoearthquakes and defining the western extent 
of Holocene scarps are needed to refine recurrence 
estimates along the Castle Mountain fault and to better 
characterize seismic hazards in southcentral Alaska. 
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Abstract: The sinistral East Anatolian Fault System (EAFS) is the second most active strike slip fault zone after the North Anatolian 
Fault System (NAFS) in Turkey. In this paper, we reveal complex fault geometry of the related area by studying geomorphic 
features, field work and instrumental period earthquakes. This study presents a kinematic analysis (paleostress) based on fault-
slip data in the area between Palu (Elazig) and Pütürge (Malatya) on the EAFS. Results show that σ1 (maximum principal stress) 
and σ3 (minimum principal stress) are generally sub-horizontal and σ2 (intermediate principal stress) is sub-vertical, which is 
characterized by NE-SW compression with major strike-slip system. 
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INTRODUCTION 
 
Turkey is located near the centre of the Alpine-Himalaya 
system. The East Anatolian region is under compression 
with the collision of the Arabian and African plates at the 
south and Eurasian plate at the north (Figure 1). Significant 
deformations on both the Anatolian and the Arabian 
(indenter) plates due to collision have occurred and are still 
continuing. Large scale faults such as the EAFS (East 
Anatolian Fault System), NAFS (North Anatolian Fault 
System) and NEAFS (Northeast Anatolian Fault System) and 
many other small-scale faults have developed on the 
Anatolian plate are examples of these deformation 
structures. For this reason, the EAFS is classified as an 
indent-linked transcurrent strike-slip fault related to the 
collision according to the classification made by Sylvester 
(1988). The EAFS forms a triple junction with the NAFS in 
Karlıova (Bingöl) at the northeast, and forms another triple 
junction with the Dead Sea Fault System (DFS) in Amik 
(Antakya) in the southwest. The EAFS, a left lateral 
(sinistral) strike slip fault, is about 580 km in length and 
although the strike direction of the EAFS changes in some 
places, it mostly follows the N600E direction. In this work, 
an area about 120 km long extending from Palu in the 
north to Pütürge in the south was studied along the EAFS. 
We aimed to reveal deformation mechanism of the area on 
the EAFS by collecting and analysing fault slip data. 
 

 
Figure 1: Tectonic map of Turkey showing the plate motion along 
the major faults. Study area is marked in red on the EAFS. 
 

METHODS 
 
The aim of kinematic analysis (paleostress inversion) is to 
build past and and present behaviour of the faults using 
fault slip data (Angelier, 1994). The method is based on the 
hypothesis that the slip occurs parallel to the maximum 
resolved shear stress along an optimally orientated plane 
of weakness (Wallace 1951; Bott 1959). 
 
The sense of slip on the fault plane is obtained from 
slickenside lineation and mineral steps. The data that are 
used for the inversion are the fault plane, slickenline 
orientation and the sense of movement derived from 
kinematic indicators and mineral steps on each fault plane 
(Figure 2). 
 
In the paleostress inversion, the maximum shear stress 
direction is determined by calculating the axes of the stress 
ellipsoid by using the shape factor (Ø=σ2-σ3/ σ1- σ3). In 
which σ1, σ2 and σ3 correspond to maximum, intermediate 
and minimum principal stress magnitudes, respectively. In 
this study, we have performed the numerical method 
improved by Angelier (1988). 
 

 
Figure 2: Example of fault slip data at sinistral strike-slip fault plane 
in the study area (Figure 4, Site B). 
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Figure 1: Tectonic map of Turkey showing the plate motion along 
the major faults. Study area is marked in red on the EAFS. 
 

METHODS 
 
The aim of kinematic analysis (paleostress inversion) is to 
build past and and present behaviour of the faults using 
fault slip data (Angelier, 1994). The method is based on the 
hypothesis that the slip occurs parallel to the maximum 
resolved shear stress along an optimally orientated plane 
of weakness (Wallace 1951; Bott 1959). 
 
The sense of slip on the fault plane is obtained from 
slickenside lineation and mineral steps. The data that are 
used for the inversion are the fault plane, slickenline 
orientation and the sense of movement derived from 
kinematic indicators and mineral steps on each fault plane 
(Figure 2). 
 
In the paleostress inversion, the maximum shear stress 
direction is determined by calculating the axes of the stress 
ellipsoid by using the shape factor (Ø=σ2-σ3/ σ1- σ3). In 
which σ1, σ2 and σ3 correspond to maximum, intermediate 
and minimum principal stress magnitudes, respectively. In 
this study, we have performed the numerical method 
improved by Angelier (1988). 
 

 
Figure 2: Example of fault slip data at sinistral strike-slip fault plane 
in the study area (Figure 4, Site B). 
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Figure 3: Tectonic map and sample locations of study area 
(modified from Aksoy et al., 2007). 
 
RESULTS 
 
Twenty measurements were performed to the north of the 
Palu from Eocene aged limestone (Figure 3, Site A). The 
stress tensors were obtained from the fault population: the 
inversion after Angelier (1994) (Figure 4) gives the 
maximum principal stress axis (σ1): 236/05, the 
intermediate principal stress axis (σ2): 039/85, the 
minimum principal stress axis (σ 3): 145/01; with stress 
ratio (R): 0.165. The tensor belongs to transpressive 
regime. It indicates NE–SW compression and NW–SE 
extension. This tensor produced the NE trending sinistral 
strike-slip faults with their conjugate NW trending dextral 
strike slip faults. 
 
The second fault population with thirty measurements 
from northeast of the Lake Hazar (Figure 3, Site B) from 
basin infill deposits based on the inversion after Angelier 
(1994) the maximum principal stress axis (σ1): 070/69, the 
intermediate principal stress axis (σ2): 227/19, the 
minimum principal stress axis (σ 3): 320/08; with stress 
ratio (R): 0.408. The tensor belongs to pure extensive 
regime. It indicates NW–SE extension. This tensor 
produced the NW and SE trending normal faults (Figure 4). 
 
Fifteen fault-slip data were carried out in an area located 
in the southwest of the Lake Hazar near Pütürge (Figure 3, 
Site C). The stress tensors were obtained from the fault slip 
data: the inversion after Angelier (1994) (Figure 4) gives 
the maximum principal stress axis (σ1): 024/49, the 
intermediate principal stress axis (σ2): 191/40, the 
minimum principal stress axis (σ 3): 286/06; with stress 
ratio (R): 0.724. The tensor belongs to pure extensive 
regime. It indicates NW–SE extension. This tensor 
produced the NE trending sinistral strike-slip faults with 
their conjugate NW trending dextral strike slip faults.  
 
DISCUSSION 
 
The data collected from the field, there are two different 
tectonic tensor (transpressive and pure extensive regime) 
along the EAFS. The inversion based on Angelier (1994) 
indicates that the intermediate principal stress axis (σ2) 
and the maximum principal stress axis (σ1) are sub-vertical. 
This situation can be explained as the changed in the 
tectonic regime through tectonic history. Extensional 
structures, e.g., NW-SE trending normal faults and 

compressional structures like NE-SW trending folds were 
also formed in the study area. North of Lake Hazar the EAFS 
geometry is considered to be a negative flower structure 
(Aksoy et al., 2007). It is quite common to have both these 
extensional and compressional structures in the major 
strike-slip systems. 
 

 
Figure 4: Normal faults developed within the basin infill north of 
the Lake Hazar. 
 
CONCLUSION 
 
In this study, the complex geometry of the EAFS has been 
revealed and mapped. Based on preliminary results of 
paleostress inversion on EAFS has displayed at least two 
different tectonic regimes length according to strike 
changes. 
 
Sixty-five measurements were performed and inversion 
suggest that these stress tensors may be responsible for 
the formation of the NE-SW sinistral and NW-SE dextral 
strike slip faults as well as  local NW-SE normal faults in the 
study area. 
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Abstract: Correlating paleoearthquakes along faults is crucial to understand the earthquake recurrence pattern and to assess 
potential earthquake hazard. We present data from four trenches at three sites along the western Issyk Ata Fault, a 120-km-
long thrust bounding the northern Kyrgyz Tien Shan. A part of this fault has ruptured during the 1885 AD Belovodskoe event 
(M6.9). Two trenches in the epicentral area of this rupture revealed the most recent event to represent the Belovodskoe 
earthquake. The penultimate earthquake occurred here probably around 1.9 ± 0.3 cal ka BP. 12 km east, earthquakes ruptured 
at 10.5 ± 1.1 cal ka BP, 5.6 ± 1.0 cal ka BP, and ~630 ± 100 cal a BP. Yet 13 km farther east the MRE postdates 685 ± 30 cal a BP. 
Thus, in the recent past, Issyk-Ata Fault segments ruptured diachronously and only along certain portions with respect to the 
entire fault length. 
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INTRODUCTION 
 
Fault slip distributions, earthquake timing, maximum 
magnitude, and recurrence intervals are important 
parameters to assess the hazard potential of a fault. 
Similarly, the understanding of the associated fault-
rupture or earthquake model relies on multiple 
paleoseismic records along the fault (Biasi and Weldon, 
2006). But even at fast-slipping plate-boundary faults with 
sufficient paleoseismic data, correlating paleoearthquakes 
along strike is not unambiguous because of uncertainties 
in age determination and stratigraphic relationships (e.g., 
Weldon et al., 2004, 2005). 
 
In low-strain areas, however, uncertainties are even 
higher, because long recurrence times in the order of 
thousands of years decrease the preservation of 
landscape-evidence of faulting (e.g., Landgraf et al., 2017). 
In compressional environments, yet another drawback 
might emanate from range-bounding positions of active 
thrust faults, which cut through alluvial fans and provide 
mainly coarse-grained stratigraphy that is difficult to date. 
Thrust faulting furthermore often exhibits near-surface 
complexities that directly translate into the trench 
stratigraphy and complexity in interpretation. Typical 
examples, observed in unconsolidated sediment, are fault 
migration into the hanging wall or footwall over time, as 
well as duplexing, folding or roll-over of hanging-wall strata 
into sub-horizontal positions. Additionally, large 
cumulative dip-slip offsets of strong events often limit the 
discovery to a few past events because of logistic 
requirements, thus hampering our understanding of active 
thrust faults and their rupture behavior. 
 

One of such faults posing an inherent seismic hazard to the 
Kyrgyz capital Bishkek is the Issyk Ata Fault, a 120-km-long 
thrust, bounding the northern Kyrgyz Tien Shan. During an 
earthquake sequence of five large-magnitude earthquakes 
(M 6.9-8) that ruptured the northern Tien Shan between 
1885 and 1938 (e.g., Kalmetieva et al., 2009), apparently 
only the westernmost Issyk-Ata fault segment broke in the 
Belovodskoe event (1885, M6.9). The central and eastern 
Issyk-Ata Fault, however, did not rupture, leaving a 200-
km-long gap in the east-west distribution of faulting during 
this sequence (Fig. 1A+B). 
 
This observation highlights the need for a better 
understanding of the paleoearthquakes and rupture 
behaviour of the Issyk Ata fault. We have analysed the 
geomorphology and excavated four trenches at three sites 
along the western and central-western part of the fault. 
Here, we present the first integrative summary of the 
earthquake history from these data. 
 
PREVIOUS STUDIES 
 
The oldest earthquake record that later was associated 
with the Issyk Ata Fault is the Ignatiev (1886) report on the 
1885 Belovodskoe event. In that paper, which is based on 
eyewitness information, he describes that the majority of 
damage, including an about 20-km-long open crack, 
occurred between the Aksu and Sokuluk rivers (see Fig. 
1B). Additional cracks were observed discontinuously 
eastward towards the Ala-Archa river valley (Fig. 1B).  Peer-
reviewed studies of paleoseismicity along the Issyk Ata 
fault so far are rare. Thompson (2001) documented a 
trench at the western fault branch, where he inferred four 
surface-rupturing events since terrace formation between 
13 to 15 kyr ago.  Presumably, the last two earthquakes 
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well as duplexing, folding or roll-over of hanging-wall strata 
into sub-horizontal positions. Additionally, large 
cumulative dip-slip offsets of strong events often limit the 
discovery to a few past events because of logistic 
requirements, thus hampering our understanding of active 
thrust faults and their rupture behavior. 
 

One of such faults posing an inherent seismic hazard to the 
Kyrgyz capital Bishkek is the Issyk Ata Fault, a 120-km-long 
thrust, bounding the northern Kyrgyz Tien Shan. During an 
earthquake sequence of five large-magnitude earthquakes 
(M 6.9-8) that ruptured the northern Tien Shan between 
1885 and 1938 (e.g., Kalmetieva et al., 2009), apparently 
only the westernmost Issyk-Ata fault segment broke in the 
Belovodskoe event (1885, M6.9). The central and eastern 
Issyk-Ata Fault, however, did not rupture, leaving a 200-
km-long gap in the east-west distribution of faulting during 
this sequence (Fig. 1A+B). 
 
This observation highlights the need for a better 
understanding of the paleoearthquakes and rupture 
behaviour of the Issyk Ata fault. We have analysed the 
geomorphology and excavated four trenches at three sites 
along the western and central-western part of the fault. 
Here, we present the first integrative summary of the 
earthquake history from these data. 
 
PREVIOUS STUDIES 
 
The oldest earthquake record that later was associated 
with the Issyk Ata Fault is the Ignatiev (1886) report on the 
1885 Belovodskoe event. In that paper, which is based on 
eyewitness information, he describes that the majority of 
damage, including an about 20-km-long open crack, 
occurred between the Aksu and Sokuluk rivers (see Fig. 
1B). Additional cracks were observed discontinuously 
eastward towards the Ala-Archa river valley (Fig. 1B).  Peer-
reviewed studies of paleoseismicity along the Issyk Ata 
fault so far are rare. Thompson (2001) documented a 
trench at the western fault branch, where he inferred four 
surface-rupturing events since terrace formation between 
13 to 15 kyr ago.  Presumably, the last two earthquakes 
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occurred within the past 2.3 to 2.7 cal kyr BP, including the 
1885 event. A few trench logs or sketches with limited age 
control can be found in Russian literature and local 
institutional compilations (e.g., Chedia et al., 2000, 
Omuraliev and Omuraliev, 2004). Dzhumabaeva et al. 
(2015) presented a review of these data, including a 
calibration of therein-published radiocarbon results to 
assess if earthquakes along the Issyk Ata fault have 
clustered in time similarly to the 150-yr-old recent 
earthquake sequence. They argue that at least four strong 
earthquakes occurred along the fault within the past 5000 
years with a possible cluster between 2-2.5 kyr. However, 
the uncertainty in age control of the paleoevents exceeds 
the age range of the recent clustered events. Recently, 
Smekalin et al. (2016) show illustrations of additional 
trenches along this fault (Fig. 1B) in an attempt to localize 
the 1885 rupture extent. Also, these authors used 
previously published radiocarbon results together with 
their own data.  Based on the relatively narrow age range, 
but without direct age control, Smekalin et al. (2016) argue 
for the same earthquake that ruptured the Issyk Ata Fault 
between 887–1533 cal. yrs BC at least to an extend of 36 
km between Sokuluk and Kok Dzhar (Fig. 1B). Our own 
studies challenge this assumption: Patyniak et al. (2017) 
show three surface-rupturing earthquakes that occurred 
diachronously at 10.5 ± 1.1 cal ka B., 5.6 ± 1.0 cal ka BP, and 
~630 ± 100 cal a BP at Belek, which is located between 
above-mentioned sites (Fig. 1B). Here, we additionally 
present our new data from two further sites (Asylbash and 
Dzhal) that help deciphering the earthquake history of the 
western Issyk Ata Fault (Fig. 1B). 
 
EARTHQUAKE HISTORY OF THE WESTERN ISSYK ATA FAULT 
 
The fault-scarp geomorphology of these sites was mapped 
and interpreted using high-resolution imagery to provide a 
detailed characterization of the rupture zone. At each 
location the scarp around the trench sites was mapped 
using a LEICA differential GPS system and the data were 
interpolated into high-resolution digital elevation models 
(~1 m/pixel; DEM). From these DEMs, we subsequently 
calculated scarp-perpendicular profiles to determine 
cumulative vertical fault offsets. Scarp heights roughly 
agree within uncertainties. 
 
Trenching was performed at three sites (from east to west, 
Fig. 1B): Dzhal, Belek (Patyniak et al., 2017), and Asylbash. 
– Age control of the trench stratigraphy was based on 
radiocarbon methods and infrared stimulated 
luminescence (IRSL). At Asylbash, we opened two trenches 
along the same scarp that were 120 m apart. The trenches 
were 18-m and 22-m-long. The trench at Dzhal with a 
length of 19 m has been excavated across an undisturbed 
scarp that showed about 5.5 m vertical offset. The scarp 
uplifts an alluvial terrace. An abandoned channel produced 
a hanging valley with an offset of about 3.8 m, and a small 
inset terrace east of the trench location is offset by about 
0.5 m, indicating a succession of at least three sudden 
uplift events, given the full scarp height. 
 

At all sites, late Pleistocene and Holocene faulting has cut 
alluvial surfaces of similar degree of surface roughness and 
incision. Repeated faulting was accompanied by 
syntectonic loess deposition against the growing fault 
scarp, filling paleo-topography.  
 
We observe an alluvial clast deposit that builds the hanging 
wall and the thrust contact against an aeolian loess deposit 
in the footwall. Within the exposure of our trenches, we 
did not find a similar clast deposit in the footwall. At one 
location (Asylbash) we have been able to date the alluvial 
sedimentation with IRSL to 18.4 ka. This age is in 
concordance with a late sedimentation age of 17.3±4.3 ka 
at a similar alluvial fan at Panfilovkoe, about 50 km west of 
Asylbash (Landgraf et al., 2016). Similarly concordant, this 
sedimentation age predates exposure ages of 14.8 ka at 
Panfilovkoe and the 13.5 to 15.5 kyr terrace ages east of 
Bishkek that have been correlated to the fan surface at 
Asylbash earlier (Thompson, 2001). Within this age range, 
it is thus reasonable to assume a glaciofluvial origin for the 
boulders that have been transported into the foreland 
after the Last Glacial Maximum (LGM). 
 
Loess sedimentation must have started immediately 
afterwards as documented with one age at 15.9 cal. ka BP 
(Asylbash). Our age distribution and the lack of paleosoils 
within the stratigraphic sequence suggest a more or less 
continuous or repeated loess sedimentation until about 6.5 
cal. ka BP, as the majority of snails from these units date 
between 9.5 and 6.5 cal. kyrs BP. Interestingly, the age range 
and loess thickness vary between the three sites. The 
growing, N-facing fault scarps seem to provide an efficient 
sediment trap for the S-transported loess. Similarly, at these 
positions it might be largely sheltered from N-directed wind 
deflation. Further faulting progressively increases the 
stratigraphic separation, as diffusive scarp degradation 
removes the loess from the hanging wall, which further 
thickens at the footwall. The magnitude of this process 
differs at the three sites and might reflect the scarp-type and 
thus the underlying fault geometry: the shallower the scarp 
slope, the more loess is preserved in the hanging wall. The 
fault geometry as visible in these trenches resembles a 
hanging-wall-collapse or simple thrust scarp. 
 
The strong clast-silt-contrast seems to have guided the 
surface rupture. This is not only true at the base of the 
alluvial sequence, but even for the frontal thrust of a duplex 
visible in Asylbash-T2. Here, a scarp-parallel channel has 
been deformed and incorporated in the thrusting. 
 
Probabilistic modelling of the stratigraphic chronology with 
OxCal (Bronk Ramsey, 2013) revealed the most recent event 
(MRE) in the Asylbash trenches at the epicentral area of the 
1885 rupture consistently at 273 ± 168 and 316 ± 172 cal a 
BP, respectively, which we interpret to represent the 
Belovodskoe event. The penultimate earthquake occurred 
here probably around 1.9 ± 0.3 cal ka BP. In contrast, at 
Belek, 12 km to the east, earthquakes ruptured at 10.5 ± 1.1 
cal ka BP, 5.6 ± 1.0 cal ka BP, and ~630 ± 100 cal a BP 
(Patyniak et al., 2017). Yet 13 km farther east (Dzhal), 
faulting during the MRE ruptured soil layers dating to 804 ± 
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54 and 685 ± 30 cal a BP. We infer that this event 
corresponds to the youngest event observed at Belek, 
providing a minimum surface rupture length of 13 km. 
Unfortunately, older events cannot be differentiated 
unambiguously. 
 
DISCUSSION & CONCLUSION 
 
Our observations support the notion that at least in the 
recent past, the Issyk-Ata Fault ruptured only certain 
portions with respect to the entire fault length. Apparently, 
the earthquake timing did not overlap between the 
Asylbash and Belek sites for the past two events, 
respectively. Combined with the fact that even the 
interevent times differ between the sites, this might 
indicate an efficient segment boundary that could limit 
future ruptures. One could speculate that the Sokuluk river 
valley itself mimics the segment boundary. There is a clear 
break in the topographic expression at the fault location 
(Fig. 1B). The diachronous earthquake timing also excludes 
a through-going surface rupture between Sokuluk 
(Asylbash) and Kok Dzhar about 2.5 ka ago, as assumed by 
Smekalin et al. (2016). However, this does not exclude that 
a rupture across the supposed segment boundary or even 
along the entire fault length could occur at other times. 
Results from earthquake simulations (e.g., Zielke and 
Arrowsmith, 2008) have shown that bimodal rupture 
behaviour with frequent small to intermediate and 
infrequent large-magnitude events (incomplete and full 
rupture respectively) might explain observed differences in 
rupture extent. The offsets, observed for the respective 
events (Patyniak et al., 2017 and also in this study, but not 
shown) can be associated to paleomagnitudes between 6.8 
and 7.1, thus similar to the 1885 earthquake. The segment-
wise, diachronous faulting along the Issyk Ata Fault and 
within the active fault systems that comprise the northern 
Tien Shan might resemble the conceptional model of Liu et 
al., 2011, where earthquake activity migrates between 
faults, and some faults become seismically quiet for 
periods of time, while others take over the activity.  Such 
model has been proposed for continental interiors, but the 
northern Tien Shan as a diffuse plate boundary region 
seems to behave in a similar way. 
 
The diachronous ruptures, observed at the western and 
central-western Issyk Ata Fault might also explain the east-
west large gap within the earthquake sequence of the late 
19th/early 20th century. The MRE at Belek and Dzhal occurred 
only ~630 ± 100 cal a BP (Patyniak et al., 2017). Similarly, the 
central and eastern portions of the faults could have 
experienced earthquakes that are not yet in the record, but 
that have released stresses affecting subsequent event 
timing along portions of the fault zone. With general 
recurrence intervals of several thousand years (Landgraf et 
al., 2016, Patyniak et al., 2017), these segments could be in 
any stage of strain accumulation. Interestingly, although an 
historic earthquake record for Kyrgyzstan has been compiled 
(e.g., Kalmetieva et al., 2009), not much is known for 
medieval and older times. The previous cultural center of 
Balasagun (near present day Kant, Fig. 1B, e.g., Kalmetieva 
et al., 2009) might have been destroyed by an earthquake 

around 1475 AD; its surface trace and evidence has yet to be 
found. The MRE at Belek and Dzhal, although located further 
east, might be a valid candidate. 
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54 and 685 ± 30 cal a BP. We infer that this event 
corresponds to the youngest event observed at Belek, 
providing a minimum surface rupture length of 13 km. 
Unfortunately, older events cannot be differentiated 
unambiguously. 
 
DISCUSSION & CONCLUSION 
 
Our observations support the notion that at least in the 
recent past, the Issyk-Ata Fault ruptured only certain 
portions with respect to the entire fault length. Apparently, 
the earthquake timing did not overlap between the 
Asylbash and Belek sites for the past two events, 
respectively. Combined with the fact that even the 
interevent times differ between the sites, this might 
indicate an efficient segment boundary that could limit 
future ruptures. One could speculate that the Sokuluk river 
valley itself mimics the segment boundary. There is a clear 
break in the topographic expression at the fault location 
(Fig. 1B). The diachronous earthquake timing also excludes 
a through-going surface rupture between Sokuluk 
(Asylbash) and Kok Dzhar about 2.5 ka ago, as assumed by 
Smekalin et al. (2016). However, this does not exclude that 
a rupture across the supposed segment boundary or even 
along the entire fault length could occur at other times. 
Results from earthquake simulations (e.g., Zielke and 
Arrowsmith, 2008) have shown that bimodal rupture 
behaviour with frequent small to intermediate and 
infrequent large-magnitude events (incomplete and full 
rupture respectively) might explain observed differences in 
rupture extent. The offsets, observed for the respective 
events (Patyniak et al., 2017 and also in this study, but not 
shown) can be associated to paleomagnitudes between 6.8 
and 7.1, thus similar to the 1885 earthquake. The segment-
wise, diachronous faulting along the Issyk Ata Fault and 
within the active fault systems that comprise the northern 
Tien Shan might resemble the conceptional model of Liu et 
al., 2011, where earthquake activity migrates between 
faults, and some faults become seismically quiet for 
periods of time, while others take over the activity.  Such 
model has been proposed for continental interiors, but the 
northern Tien Shan as a diffuse plate boundary region 
seems to behave in a similar way. 
 
The diachronous ruptures, observed at the western and 
central-western Issyk Ata Fault might also explain the east-
west large gap within the earthquake sequence of the late 
19th/early 20th century. The MRE at Belek and Dzhal occurred 
only ~630 ± 100 cal a BP (Patyniak et al., 2017). Similarly, the 
central and eastern portions of the faults could have 
experienced earthquakes that are not yet in the record, but 
that have released stresses affecting subsequent event 
timing along portions of the fault zone. With general 
recurrence intervals of several thousand years (Landgraf et 
al., 2016, Patyniak et al., 2017), these segments could be in 
any stage of strain accumulation. Interestingly, although an 
historic earthquake record for Kyrgyzstan has been compiled 
(e.g., Kalmetieva et al., 2009), not much is known for 
medieval and older times. The previous cultural center of 
Balasagun (near present day Kant, Fig. 1B, e.g., Kalmetieva 
et al., 2009) might have been destroyed by an earthquake 

around 1475 AD; its surface trace and evidence has yet to be 
found. The MRE at Belek and Dzhal, although located further 
east, might be a valid candidate. 
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Figure 1: The study área within its tectonic and geographic framework (after Landgraf et al., 2016). (A) Digital elevation model (SRTM) of 
Kyrgyzstan. Major geographic features and major cities are labeled. Overlain are historical earthquakes (Kalmetieva et al., 2009). Note the series 
of strong events along the northern rim of the Tien Shan at the turn of the 19th/20th century (highlighted in red). The study areas are located in 
the wider epicentral area of the 1885 earthquake. Inset shows position of figure (box) in an Asian-Eurasian framework. (B) Overview of the 
central Kyrgyz Range. Overlain are active faults after Thompson et al. (2002), as well as isoseismals (Intensities VII to IX) related to the 1885 
Belovodskoe earthquake (epicenter marked by white star) after Kalmetieva et al. (2009). Shaded pattern marks villages and towns, small red 
stars are assigned to our trench locations: (a) Asylbash, (b) Belek, (d) Dzhal. White rectangles are study sites correlated in Smekalin et al. (2016), 
from west to east: Sokuluk, Kuzul-Tuu, Dzhal & Kok-Dzhar. 
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The role of surface-rupturing faults in the Waiautoa microblock, Clarence valley, 
New Zealand, during the Mw 7.8 2016 Kaikōura Earthquake 
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Abstract: The Mw 7.8 Kaikōura Earthquake has presented an opportunity to study the scale of earthquake deformation from 
regional-scale, to individual block and micro-block tectonics. The 2.5 km2 ‘Waiautoa microblock’ refers to the high-angle fault 
intersection area between the co-seismic ruptures of the Jordan, Kekerengu, Papatea, and Waiautoa faults in the Clarence valley. 
Detailed field observations and post-earthquake LiDAR mapping indicate that these faults intersect in a complex, triangular 
fashion. The Jordan Thrust (dextral-normal in 2016) overlaps the dextral-reverse Kekerengu Fault near George Stream. In this 
same area, ruptures of the reverse-sinistral Papatea Fault almost intersect the Jordan Thrust. To close the triangle, the reverse-
sinistral Waiautoa Fault is inferred to link the Papatea with the Kekerengu Fault. Assessment of piercing line markers indicates 
that co-seismic surface slip increases to the NE of George Stream, and is largely conserved along the length of the Waiautoa 
microblock as the Jordan, Kekerengu and Waiautoa faults share and exchange 7-9 m of surface slip. Summed co-seismic surface 
slip within the Waiautoa microblock is sub-equal to co-seismic surface slip on the Kekerengu Fault northeast of the microblock, 
suggesting that this zone of complexity promoted the continuation of surface rupture. 
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INTRODUCTION 
 
The 14 November 2016 (local time) Mw 7.8 Kaikōura 
earthquake, New Zealand is one of the largest, high-slip 
onshore earthquakes to have occurred in recent times 
(Hamling et al., 2017; Kaiser et al., 2017; Stirling et al., 
2017). Surface rupture occurred on at least 14 named 
faults between Waiau in north Canterbury and offshore 
of Cape Campbell, Marlborough over c. 160 km (Fig. 1). 
The pattern of surface faulting is highly complex both at 
the full scale of the rupture and at smaller scales where 
individual faults or fault segments interact with adjoining 
faults. This paper documents an important complexity 
near the centre of the Kaikōura earthquake rupture zone 
where 5 distinct faults – the Jordan, Kekerengu, Papatea, 
Fidget and Waiautoa faults - join and overlap one another 
in three dimensions. 
 
The Kaikōura earthquake occurred in the central part of 
the Australia-Pacific plate boundary through New Zealand 
in the northeastern South Island. This region is 
characterized by plate convergence rates of c. 37-40 
mm/yr and a progression from compression in the 
southwest, to transpression and strike-slip motion in the 
northeast, across a transitional plate boundary setting 
where the leading edge of the Pacific plate subducts 
beneath the New Zealand margin (e.g. Wallace et al., 
2012). Fault rupture during the Kaikōura earthquake began 
in the North Canterbury Domain and propagated into the 
Marlborough Fault System (MFS) (Litchfield et al., 2014; 

Langridge et al., 2016a) (Fig. 1). The vast majority of seismic 
energy and surface slip was released during the second half 
of the earthquake sequence when rupture of the northern 
faults within the MFS, initiated and propagated slip to the 
northeast (e.g. Kaiser et al., 2017). 
 

Figure 1: Map of the northern surface fault ruptures (red lines) in 
the 2016 Mw 7.8 Kaikōura Earthquake. Blue box indicates Fig. 2 
highlighting the Papatea Fault (PF) and Waiautoa Fault (WF). See 
text for other abbreviations. 
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Abstract: The Mw 7.8 Kaikōura Earthquake has presented an opportunity to study the scale of earthquake deformation from 
regional-scale, to individual block and micro-block tectonics. The 2.5 km2 ‘Waiautoa microblock’ refers to the high-angle fault 
intersection area between the co-seismic ruptures of the Jordan, Kekerengu, Papatea, and Waiautoa faults in the Clarence valley. 
Detailed field observations and post-earthquake LiDAR mapping indicate that these faults intersect in a complex, triangular 
fashion. The Jordan Thrust (dextral-normal in 2016) overlaps the dextral-reverse Kekerengu Fault near George Stream. In this 
same area, ruptures of the reverse-sinistral Papatea Fault almost intersect the Jordan Thrust. To close the triangle, the reverse-
sinistral Waiautoa Fault is inferred to link the Papatea with the Kekerengu Fault. Assessment of piercing line markers indicates 
that co-seismic surface slip increases to the NE of George Stream, and is largely conserved along the length of the Waiautoa 
microblock as the Jordan, Kekerengu and Waiautoa faults share and exchange 7-9 m of surface slip. Summed co-seismic surface 
slip within the Waiautoa microblock is sub-equal to co-seismic surface slip on the Kekerengu Fault northeast of the microblock, 
suggesting that this zone of complexity promoted the continuation of surface rupture. 
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onshore earthquakes to have occurred in recent times 
(Hamling et al., 2017; Kaiser et al., 2017; Stirling et al., 
2017). Surface rupture occurred on at least 14 named 
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where 5 distinct faults – the Jordan, Kekerengu, Papatea, 
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energy and surface slip was released during the second half 
of the earthquake sequence when rupture of the northern 
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Figure 1: Map of the northern surface fault ruptures (red lines) in 
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This paper describes the ‘Waiautoa microblock’ where five 
of the major northern faults join and overlap one another 
and where both proximity of individual fault ruptures and 
the partitioning of slip from one to another can be 
measured and documented. Understanding how faults and 
fault zones within the upper crust interact at the km-scale, 
with respect to the shape and size of fault stepovers and 
bends is of great relevance for considering the seismic 
hazard posed by integrated fault networks (Wesnousky, 
2008; Barka and Kadinsky-Cade, 2002). 
 
METHODOLOGY 
 
Following the Kaikōura earthquake, we collected field 
observations where fault surface rupture was recognized 
and accessible, and undertook helicopter reconnaissance 
of sites in remote areas where landing was difficult or 
impractical. We employed a variety of techniques to 
measure surface slip including tape measure, sighting of 
scarp heights, real-time kinematic (RTK-GPS), total station, 
and UAV (drone) surveys. Offsets were recorded on 
cultural features including fencelines, roads, and planted 
treelines, and geomorphic features such as stream 
channels, risers and scree deposits. Due to the possibility 
of offsets being destroyed by bad weather and/or farm 
reparations and the slow availability of some airborne 
datasets, the faults were mapped and surveyed as quickly 
as was practical on the ground soon after the earthquake. 
In early 2017 we received aerial orththomosaics and in 
mid-2017 post-earthquake LiDAR coverage of most of the 
earthquake rupture zone. In some cases, such as along the 
coast and up the Clarence valley, pre-earthquake LiDAR 
surveys existed (Langridge et al., 2016b). In these cases, we 
developed Differential LiDAR (D-LiDAR) models of the 
ground surface change (Clark et al., 2017; Nissen et al., this 
volume). Field and GIS data were collated to produce 
surface rupture maps, slip vectors and slip distributions for 
individual faults (Jordan, Kekerengu, Papatea, Fidget and 
Waiautoa) within 10 km of the Waiautoa microblock area. 
 
MAJOR FAULT RUPTURES ASSOCIATED WITH THE 
WAIAUTOA MICROBLOCK AREA 
 
Papatea Fault - The Papatea Fault, which extends from 
offshore in Waipapa Bay to George Stream (Fig. 2), was 
recognised as an important NNW-striking bedrock, and 
possibly active, fault prior to the Kaikōura earthquake 
(Barrell, 2015; Rattenbury et al., 2006). Papatea fault 
ruptures have a variable strike along the mapped length of 
the fault. They are commonly reverse-sinistral in sense 
with a maximum (near-field) net slip of 7.4 ± 0.6 m. D-
LiDAR profiles are consistent with InSAR results that 
suggest the Papatea Block (i.e. the block bounded by the 
Papatea, Jordan and Hope faults) moved vertically by 8-10 
m (and by several m to the south) (Hamling et al., 2017). 
Offsets on the Papatea Fault are locally sinistral-reverse 
with up to 6 m of net slip at the coast across two distinct 
fault strands (Clark et al., 2017). Near the northern end of 
the fault, an impressive N-striking reverse-sinistral rupture 
scarp bends to the NW into a splaying, distributed zone of 
sinistral-normal faulting and monoclinal ruptures within 

the hangingwall. The main reverse-sinistral trace is 
progressively concealed in George Stream (Fig. 3). 
 

 
Figure 2: 2016 co-seismic surface rupture of the Papatea Fault 
(yellow) and ruptures of the Jordan (purple), Kekerengu (red) and 
Waiautoa (brick) faults in the vicinity of the Waiautoa microblock 
(WM). George (GS), Miller (MS) and Mclean (McS) streams and 
Shag Bend (SB) are labelled. Black line marks Fig. 4 slip-section.
 
Jordan Thrust - The Jordan Thrust is an important, 
northeast-striking, high-slip rate plate boundary fault that 
links the Kekerengu with the Hope Fault to the southwest 
(Van Dissen and Yeats, 1991). Following the earthquake, 
helicopter reconnaissance and limited ground 
observations indicated that only the northern half of this 
fault (as mapped) had surface rupture. Farther inland, 
parts of the Upper Kowhai Fault (UKF) and Manakau Fault 
(MF) within the Seaward Kaikōura Range also displayed 
surface rupture. The northern half of the Jordan Thrust 
typically displayed dextral-normal (uphill-facing) surface 
rupture with 3-4 m dextral slip near Miller Stream and up 
to 6-8 m at George Stream. Northeast of this point, the 
Jordan Thrust overlapped with rupture on the Kekerengu 
Fault. While dextral-normal motion was observed the long-
term motion for this fault is of transpression, therefore, we 
entertain the possibility of a blind component of reverse 
motion on the Jordan fault. 
 
Kekerengu Fault - The northeast-striking Kekerengu Fault 
represents the longest onland rupture (c. 28 km) and largest 
recorder of slip (up to 11.8 m dextral) during the Kaikōura 
earthquake sequence (Hamling et al., 2017; Stirling et al., 
2017; Kearse et al., this volume). The southern half of the 
fault occurs from George Stream north along the Clarence 
River valley. Northeast of the river, the fault traverses 
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farmland out to the Marlborough coast. While the highest 
offsets in 2016 were documented in the north, the southern 
half of the fault consistently produced surface ruptures with 
9-11 m of dextral slip in the floor of the Clarence River and 
across the Shag Bend area. South of Shag Bend there is an 
apparent drop in the magnitude of slip toward Waiautoa 
Station and McLean Stream, where there is c. 6 m of dextral 
slip. South of McLean Stream, surface rupture associated 
with the Kekerengu Fault is dextral-normal in sense and 
coincides with pre-existing geomorphology within the 
rangefront (Fig. 3). Where it could be measured the slip 
between McLean Stream and George Stream decreased 
from c. 6 to 2 m and effectively to zero where the fault bends 
to the southwest to become the Fidget Fault. 
 
Waiautoa Fault - The north-striking Waiautoa Fault is a short 
(3.4 km) reverse-sinistral slip fault that ruptured during the 
Kaikōura earthquake with slip up to c. 1 m. The presence of 
the Waiautoa Fault is coincident with the course of the 
Clarence River and Tertiary bedrock structure. In the north, 
the fault splays from the Kekerengu Fault and is characterized 
by reverse-slip rolls, thrusts and folds that generally follow 
pre-existing topography such as risers and alluvial fans. The 
fault proceeds south toward the Waiautoa homestead, where 
a reverse-slip rupture with 20-40 cm up-to-the-west motion is 
mapped across McLean stream in LiDAR images. The 
Waiautoa Fault is projected to the south according to the 
presence of surface ruptures and ridge-crest extension, 
toward the Clarence River bridge. Abutments of the bridge 
appear to be offset sinistrally by c. 1 m. 
 
THE WAIAUTOA MICROBLOCK – INTERPRETATION 
 
Careful mapping and surveying has allowed for the 
connection and correlation of the five mapped faults 
whose junction area form a 2.5 km2 triangular area - the 
Waiautoa microblock. The Fidget Fault bends from an ENE 
to NE strike to merge with the Kekerengu Fault at the SW 
corner of the microblock. Minor to zero surface rupture slip 
on the Fidget Fault evolves abruptly into full surface 
rupture of the Kekerengu Fault with slip increasing from c. 
6 to 10-12 m dextral in the northeast beyond the Waiautoa 
microblock. Multi-metre dextral slip on the Jordan Thrust 
reaches a peak at the southwestern end of the microblock 
at George Stream. To the north, rupture of the Jordan 
Thrust continues immediately east of, and overlapping 
with, the Kekerengu Fault, converging from an across-
strike width of 350 m between surface ruptures to an 
observed minimum of <100 m (Fig. 3). In this overlap zone, 
there is a trade-off or sharing of fault slip between the 
Jordan and Kekerengu faults. For example, at the southern 
part of this overlap at George Knob a single long fenceline 
crosses both faults with 3.2 ± 0.4 m dextral slip on the 
former and 3.4 ± 0.4 m on the latter (Fig. 4). Toward the 
northern convergence of the Jordan-Kekerengu fault 
overlap, the Jordan Thrust appears more and more to be a 
thrust fault that partners the Kekerengu Fault. 
 
The Papatea Fault almost certainly extends to the 
southwest corner of the Waiautoa microblock, though 
there is a lack of visible surface slip over c. 1.4 km between 

the northwest end of rupture on the Papatea Fault and the 
Jordan Thrust at George Stream. Similarly, despite a lack of 
continuous rupture or exposure, we infer that the 
Waiautoa Fault forms a link between the Kekerengu and 
Papatea faults and forms the eastern boundary of the 
Waiautoa microblock. The translation of slip off the 
Papatea Fault near its northern end and increased slip on 
the Kekerengu Fault north of Waiautoa Station both 
equate with a slip and kinematic transfer from these faults 
onto the Waiautoa Fault. 
 

Figure 3: View to the northeast at George Stream, which is 
impounded by dextral-normal slip on the Jordan Thrust, and cuts a 
swath through the native forest. The overlapping rupture of the 
Kekerengu Fault is upslope to the left of this photo. 
 
DISCUSSION 
 
Observations 
Mapping using a variety of tools indicates that the 
Waiautoa microblock forms a kinematic complexity at the 
southern end of the Jordan-Kekerengu-Needles rupture 
set within the 2016 Kaikōura earthquake sequence. This 
2.5 km2 fault junction area has accommodated the 
transpressional strain release of five distinct faults or 
fault segments in a single earthquake, dominated by 
dextral slip, but including reverse and sinistral motion. 
These five faults yield slip vectors consistent with the 
northeast to eastward kinematic motion across faults 
(relative to the coast and plate boundary). Rupture 
through this complexity (microblock) heralded the 2nd 
half of the complex Kaikōura earthquake sequence with 
the highest slips and strongest ground motions; thus the 
complexity did not act to inhibit rupture, rather it was 
central to a burst of fault ruptures, the timings of which 
can only be deduced from seismology (Kaiser et al., 2017; 
Duputel and Rivera, 2017). Simplified slip distributions 
(Fig. 4) indicate that 7-11 m of slip consistently passes 
into, or out of, the Waiautoa microblock area, thus either: 
1) slip is: essentially conserved at a first order across the 
microblock, or 2) rupture energy (and therefore slip) 
grew out of the basin to reach a peak on the northern end 
of the Kekerengu Fault. 
 
Implications 
We can learn a lot about rupture process from 3rd order 
complexities involved in such complex earthquake 
ruptures. For example: 



8TH INTERNATIONAL PATA DAYS 2017                           PROGRAMME223

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

farmland out to the Marlborough coast. While the highest 
offsets in 2016 were documented in the north, the southern 
half of the fault consistently produced surface ruptures with 
9-11 m of dextral slip in the floor of the Clarence River and 
across the Shag Bend area. South of Shag Bend there is an 
apparent drop in the magnitude of slip toward Waiautoa 
Station and McLean Stream, where there is c. 6 m of dextral 
slip. South of McLean Stream, surface rupture associated 
with the Kekerengu Fault is dextral-normal in sense and 
coincides with pre-existing geomorphology within the 
rangefront (Fig. 3). Where it could be measured the slip 
between McLean Stream and George Stream decreased 
from c. 6 to 2 m and effectively to zero where the fault bends 
to the southwest to become the Fidget Fault. 
 
Waiautoa Fault - The north-striking Waiautoa Fault is a short 
(3.4 km) reverse-sinistral slip fault that ruptured during the 
Kaikōura earthquake with slip up to c. 1 m. The presence of 
the Waiautoa Fault is coincident with the course of the 
Clarence River and Tertiary bedrock structure. In the north, 
the fault splays from the Kekerengu Fault and is characterized 
by reverse-slip rolls, thrusts and folds that generally follow 
pre-existing topography such as risers and alluvial fans. The 
fault proceeds south toward the Waiautoa homestead, where 
a reverse-slip rupture with 20-40 cm up-to-the-west motion is 
mapped across McLean stream in LiDAR images. The 
Waiautoa Fault is projected to the south according to the 
presence of surface ruptures and ridge-crest extension, 
toward the Clarence River bridge. Abutments of the bridge 
appear to be offset sinistrally by c. 1 m. 
 
THE WAIAUTOA MICROBLOCK – INTERPRETATION 
 
Careful mapping and surveying has allowed for the 
connection and correlation of the five mapped faults 
whose junction area form a 2.5 km2 triangular area - the 
Waiautoa microblock. The Fidget Fault bends from an ENE 
to NE strike to merge with the Kekerengu Fault at the SW 
corner of the microblock. Minor to zero surface rupture slip 
on the Fidget Fault evolves abruptly into full surface 
rupture of the Kekerengu Fault with slip increasing from c. 
6 to 10-12 m dextral in the northeast beyond the Waiautoa 
microblock. Multi-metre dextral slip on the Jordan Thrust 
reaches a peak at the southwestern end of the microblock 
at George Stream. To the north, rupture of the Jordan 
Thrust continues immediately east of, and overlapping 
with, the Kekerengu Fault, converging from an across-
strike width of 350 m between surface ruptures to an 
observed minimum of <100 m (Fig. 3). In this overlap zone, 
there is a trade-off or sharing of fault slip between the 
Jordan and Kekerengu faults. For example, at the southern 
part of this overlap at George Knob a single long fenceline 
crosses both faults with 3.2 ± 0.4 m dextral slip on the 
former and 3.4 ± 0.4 m on the latter (Fig. 4). Toward the 
northern convergence of the Jordan-Kekerengu fault 
overlap, the Jordan Thrust appears more and more to be a 
thrust fault that partners the Kekerengu Fault. 
 
The Papatea Fault almost certainly extends to the 
southwest corner of the Waiautoa microblock, though 
there is a lack of visible surface slip over c. 1.4 km between 

the northwest end of rupture on the Papatea Fault and the 
Jordan Thrust at George Stream. Similarly, despite a lack of 
continuous rupture or exposure, we infer that the 
Waiautoa Fault forms a link between the Kekerengu and 
Papatea faults and forms the eastern boundary of the 
Waiautoa microblock. The translation of slip off the 
Papatea Fault near its northern end and increased slip on 
the Kekerengu Fault north of Waiautoa Station both 
equate with a slip and kinematic transfer from these faults 
onto the Waiautoa Fault. 
 

Figure 3: View to the northeast at George Stream, which is 
impounded by dextral-normal slip on the Jordan Thrust, and cuts a 
swath through the native forest. The overlapping rupture of the 
Kekerengu Fault is upslope to the left of this photo. 
 
DISCUSSION 
 
Observations 
Mapping using a variety of tools indicates that the 
Waiautoa microblock forms a kinematic complexity at the 
southern end of the Jordan-Kekerengu-Needles rupture 
set within the 2016 Kaikōura earthquake sequence. This 
2.5 km2 fault junction area has accommodated the 
transpressional strain release of five distinct faults or 
fault segments in a single earthquake, dominated by 
dextral slip, but including reverse and sinistral motion. 
These five faults yield slip vectors consistent with the 
northeast to eastward kinematic motion across faults 
(relative to the coast and plate boundary). Rupture 
through this complexity (microblock) heralded the 2nd 
half of the complex Kaikōura earthquake sequence with 
the highest slips and strongest ground motions; thus the 
complexity did not act to inhibit rupture, rather it was 
central to a burst of fault ruptures, the timings of which 
can only be deduced from seismology (Kaiser et al., 2017; 
Duputel and Rivera, 2017). Simplified slip distributions 
(Fig. 4) indicate that 7-11 m of slip consistently passes 
into, or out of, the Waiautoa microblock area, thus either: 
1) slip is: essentially conserved at a first order across the 
microblock, or 2) rupture energy (and therefore slip) 
grew out of the basin to reach a peak on the northern end 
of the Kekerengu Fault. 
 
Implications 
We can learn a lot about rupture process from 3rd order 
complexities involved in such complex earthquake 
ruptures. For example: 
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1) faults can join with hard or soft linkages in 3-D both in a 
mappable sense and in an individual earthquake rupture. 
The result of this is that it is important to map faults at the 
scale to which it is relevant, i.e. if a fault is being mapped 
for a critical facility or structure, such as a city, dam or 
nuclear facility, then the detail and the complexity that 
need to be considered are greater (e.g. Petersen et al., 
2010). This paper highlights that because the Kaikōura 
ruptures have often been mapped at a scale of 1:1000, 
then far more complexity and a greater array of structures 
can be observed. This is also true for faults that can be 
mapped using airborne LiDAR and other digital datasets 
(e.g. Barth et al., 2012). 
 

Figure 4: Simplified slip distribution across the Waiautoa 
microblock summing motion from the Jordan, Kekerengu and 
Waiautoa faults. Slip profile projected normal to Kekerengu Fault 
and includes dextral and reverse motion (see black line on Fig. 2). 
 
2) faults can communicate in 3-D to effectively ‘share’ slip 
across a complexity. In the context of the Waiautoa Basin, 
the Jordan and Kekerengu faults overlap one another to 
share slip, while the Kekerengu and Papatea faults 
accommodate the complex transition from dextral-reverse 
to reverse-sinistral motion via the reverse-sinistral slip 
Waiautoa Fault. 
3) small transpressive complexities such as the Waiautoa 
microblock may not be rupture inhibitors, but rather 
rupture promoters, or ‘kickers’.  Rupture of faults 
surrounding the Waiautoa microblock were involved in 
kicking off the 2nd half of the Kaikōura earthquake 
sequence. When such features are mapped for seismic 
source or hazard purposes they should not necessarily be 
considered as a structural complexity that will halt 
through-going fault rupture. 
4) finally, along with the long histories of bedrock and 
geomorphic fault offsets on individual faults of the MFS 
(Freund, 1971), the Waiautoa microblock must be 
considered a long-lived geomorphic and kinematic feature 
as it is responsible for developing secondary topography 
and controls both the short term passage of the Clarence 
River, and its long-term history, sitting at the southern end 
of a 12 km deflection of this important river. 
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Abstract: The Yucatán Peninsula, Mexico, has typically been considered a tectonically stable region without significant seismic 
activity, in contrast, the region is one that is regularly affected by hurricanes. A detailed survey of ca. 100 km of the eastern 
Yucatan and Cozumel coast identified the presence of ridges containing boulders measuring >1 m, with up to three ridges at 
some locations. The ridges reach five metres in height and their origin is associated with Extreme Wave Event (EWE) activity. 
Previously modelled tsunami waves from known seismically active zones in the region (Muertos Thrust Belt and South Caribbean 
Deformed Belt) are not of sufficient at the Yucatan peninsula to have produced the boulder ridges recorded in this study. The 
occurrence of hurricanes in this region is more common, but two of the most destructive (Hurricane Gilbert 1988 and Hurricane 
Wilma 2005) produced coastal waves too small to have created the ridges recorded here. In this paper a new tsunami model has 
been generated that indicates a tsunami event may have caused the EWE that resulted in the deposition of the boulders ridges. 
 
Key words: Extreme Wave Event, tsunami, boulders, archeoseismology, paleoseismology,. 
 
 
INTRODUCTION 
 
The Yucatan Peninsula of Mexico is a carbonate platform 
comprised of Eocene-age limestone in the interior, with 
off-lapping sequences to a Quaternary coastline (Weidie, 
1985). The present-day coastline is incised into the 
Pleistocene shelf margin, reef, and back-reef limestones, 
which were deposited during the last interglacial sea level 
highstand  (marine isotope stage -MIS 5). The Pleistocene 
deposits extend inland for some 10 km and form the most 
recent of a sequence of accreted carbonate units at least 
12 m thick (Ward, 1985). 
 
The Peninsula is considered to have been tectonically 
stable since the late Pleistocene (Szabo et al., 1978), also 
supported by the lack of recorded historical seismicity 
(Marquez-Azua et al., 2004). 
 
A detailed survey of ca. 100 km of the eastern Yucatan 
coast (Quintana Roo and Cozumel Island) identified the 
presence of beach ridges containing boulders measuring 
>1 m, up to three ridges at some locations (Figure 1). 
 
The ridges reach five meters in height and their origin is 
inferred to be associated to Extreme Wave Event (EWE) 
activity, either tsunamis (not recorded in the area) or 
hurricanes (frequent in the area). These boulder ridges 
were recently partially described by Shaw & Benson (2015) 
and associated to a tsunami event, but no evidence of the 
tsunami source was provided. 
 

BOULDER RIDGES 
 
There are two main sectors of the boulder ridge that were 
studied in detail: the coast in Quintana Roo between Playa 
del Carmen and Caleta Tankah and the eastern coast of 
Cozumel Island (Figure 1). 
 

 
Figure 1; a) Location map of the boulders ridges; b) Boulders ridge 
at Punta Venado. c) Boulders at eastern Cozumel. 
 
The ridges are composed of accumulations of coral reef 
boulders, most of them imbricated, individual boulders are 
more than 1 m length and the ridges reach heights of 5 m. 
A greater accumulation of boulders is recorded along more 
rocky sections of the coastline, rocky platforms and capes 
whilst in caletas (karstic bays) the boulder ridges are 
absent instead a ridge of sand and reef pebbles and 
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cobbles is present. Typically, the boulders are from joint 
bounded blocks (JBB) in the late Pleistocene platforms near 
msl. At some of the sites a second smaller ridge exists 
overlapping the main one, the smaller ridge composed 
mainly of pebbles and cobbles. 
 
More than 100 boulders have been measured (a, b and c 
dimensions, height, distance to sea and main lithology) and 
photographed for photo restitution. The blocks and 
boulders represent heterogeneous reef-rock and consist of 
varying percentages of several different lithofacies. The 
bulk density of similar deposits has been determined to be 
between 2.07-2.40 g/cm3 by Engel & May (2012). 
 
Table 1 presents data from the main boulders 
representative of the ridge (by weight, volume and height). 
The application of different approaches to calculate the 
wave heights inferred from the boulder record show that 
the minimum wave height for the displacement ranges 
from 2.5 to 2.9 m for a tsunami (Ht) and from 10.5 to 11.5 
m for a severe storm (Hs) using formulas for a JBB scenario 
by Engel & May (2012). The submerged scenario of Nott 
(2003) produces ranges from 2.0 to 2.4 m (Ht) and from 8.0 
to 9.8 m (Hs). 
 
Boulder t JBB Ht JBB Hs Sub. Ht Sub. Hs 
BPM6 1.39 1.77 7.06 0.50 1.99 
BPM9 8.35 2.55 10.21 1.64 6.54 
BPM10 5.66 1.91 7.64 1.06 4.26 
BA12 1.70 2.00 8.02 0.35 1.41 
BN1 1.59 1.79 7.16 0.39 1.57 
BN5 1.38 1.81 7.25 0.51 2.03 
BCZ3 0.40 0.45 1.81 1.69 6.77 
BCZ4 0.61 0.76 3.05 1.09 4.34 
BCZ6 8.03 1.96 7.83 1.85 7.42 
BCZ7 4.06 2.86 11.45 0.61 2.43 
BCZ8 1.27 0.72 2.86 2.44 9.76 
BPA1 1.73 2.08 8.30 0.29 1.15 
BPA2 2.20 2.27 9.07 0.51 2.03 
BPA3 1.47 1.84 7.35 0.33 1.34 
BPA5 1.69 2.12 8.49 0.29 1.14 
BPA9 2.34 2.39 9.54 0.30 1.20 
BPA10 5.15 2.58 10.31 0.73 2.91 
BPA11 2.36 1.69 6.78 0.68 2.73 
BAK3 1.89 2.00 8.02 0.35 1.42 
BAK4 1.42 2.08 8.30 0.34 1.35 
BAK6 1.35 2.05 8.21 0.35 1.41 
BKAN4 4.85 1.67 6.68 1.55 6.20 
BKAN9 2.74 1.22 4.87 2.02 8.09 
BKAN10 4.69 2.39 9.54 0.71 2.83 
Table 1: Tsunami wabe height (Ht) and storm wave height (Hs) 
calculate for each boulder in each scenario (JBB: Join-bounded 
blocks; Sub.: Submerged blocks). Weight in toons (t). 
 
TSUNAMIS VS. HURRACAINE ORIGIN 
 
As has been outlined, the Yucatan Peninsula has been 
considered to be a tectonically stable area since the late 
Pleistocene. Tsunami catalogues in the Caribbean area 
show no recorded events for the Quinrtana Roo coast 
(compiled in Engel et al., 2016). The tsunami waves that 
could be produced by earthquakes from known seismically 

active zones in the region (Muertos Thrust Belt and South 
Caribbean Deformed Belt) would not have been sufficient 
at the Yucatan peninsula to have produced the boulder 
ridges recorded in this study. Models of tsunami 
propagation in the Caribbean (Engel et al., 2016) show that 
a tsunami generated by a Mw 7.99 earthquake from the 
Muertos Thrust Belt (MTB) cannot reach the Yucatan coast. 
However, a tsunami generated by a Mw 8.8 earthquake 
generated in South Caribbean Deformed Belt (SCBD) can 
reach the north-eastern Yucatan coast with a wave height 
<1.0 m, thus not sufficient to produce the ridges discussed 
in this study. 
 
The occurrence of hurricanes in this region is more 
common, two of the most destructive produced 6-8 m high 
waves at the coast and inundation up to 5 km inland 
(Hurricane Gilbert, 1988), and 8 m high waves at the coast 
(Hurricane Wilma, 2005), but those coastal waves are still 
too small to have produced the ridges recorded here. 
 
In order to locate a seismic source capable of generating a 
tsunami wave of sufficient size to reach the eastern coast 
of Yucatan and thus, corroborate a tsunami origin for the 
boulder ridges, a new model has been generated. The 
USGS Earthquake catalogue records an earthquake of Mw 
7.3 offshore of Honduras in 2009 associated with the 
Motagua fault (Figure 2), showing that there is an active 
structure capable of generating significant seismic events 
in the region. 
 
A model of a tsunami generated by a seismic event from 
the Motagua fault has been generated simulating an 
earthquake Mw 7.6, 19 km depth with a 110 length and 26 
km width rupture area. The numerical code used is 
Tsunami-HySEA, this is a GPU-based shallow water code, 
developed by the EDANYA Group (University of Málaga) 
and extensively benchmarked for tsunami simulations 
(Macías et al., 2017). For the numerical simulation, a two-
way nested mesh technique (as in Macías et al., 2016) is 
used. The global mesh that covers all the computational 
domain has a resolution of 15 arc sec (~450m). Then six 
nested meshes, with an enhanced resolution of 0.9375 arc 
sec (~28 m) are used in the coastal strip to better assess 
tsunami wave height in this region. 

 
Figure 2. Model of a tsunami generated by an earthquake Mw 7.6 
along Motagua fault. 
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Results at x32 resolution show that a wave height > 2.0 m 
would be generated in the studied area (Figure 2). 
Therefore, it is reasonable to assign the main boulder ridge 
to a tsunami generated by an earthquake Mw > 7.5 
offshore in the eastern Caribbean sector of Motagua fault. 
The smaller ridge overlapping the main boulder ridge was 
generated by the Hurricane Wilma in 2005 (witness’s 
communication), demonstrating that destructive 
Hurricanes do not have sufficient energy in this area to 
generate the large boulders ridges recorded. 
 
TSUNAMI AGE AND PALEOSEISMIC IMPLICATIONS 
 
In some places within the region, it is possible observe 
Mayan buildings constructed over and therefore post-
dating the boulder ridges, for example in the Xcaret 
complex or Punta Chile (SW XpuHa). Despite the different 
phases of construction, these remains are Costa oriental in 
style (Eastern coast), meaning post classic Maya period, 
between 900-1521 AD (Andrews and Andrews, 1975: 
Covarrubias and Rojas, pers.comm,). Shaw & Benson 
(2015) recorded peat deposits beneath and so pre-dating 
the main boulder ridge near Akumal. These were dated 
using C14 to ~471 AD suggesting that the tsunami event 
took place between ca.500-800 AD, during the late Classic 
period. It is remarkable that there is no evidence of 
settlements prior to the post-classic period in this coastal 
area, and it may be that any small settlements that did exist 
were affected and covered by the tsunami deposits.  
 
The confirmation of a likely tsunami event with a potential 
surge of an Mw>7.5 earthquake on the Motagua fault 
implies that even if a long recurrence interval exists, 
destructive tsunami episodes can reach the eastern 
Yucatan coast. Despite the belief that the area has been 
tectonically stable since the late Pleistocene this study 
founded more evidences of seismic activity during Mayan 
times, such as archeoseismological features located in 
Mayan sites (tilted walls, “antiseismic” fabric…), evidence 
of seismic events in submerged caves systems (tilted 
speleothems, collapses and orientated speleothems…) as 
well as faults affecting the late Pleistocene and Holocene 
reef deposits (eastern Cozumel), that still under study. 
 
CONCLUSIONS 
 
A semi-continuous boulder ridge up to 5 m a.s.l, has been 
observed on the eastern coast of the Yucatan Peninsula 
and Cozumel island, generated by an Extreme Wave Event. 
The application of different approaches demonstrates that 
waves of between 2.0-2.9 m (in the case of tsunami origin) 
and between 8.0-11.5 m (in the case of Hurricane origin) 
would need to be generated to result in the accumulation 
of these boulders. Most of the possible tsunami source 
areas located in East Caribbean are not capable of 
generating a tsunami that would reach the Yucatan coast. 
However, as demonstrated through model simulation in 
this study, the Motagua Fault section located in the SW 

Caribbean basin can generate a tsunami with waves of 
between 2.0-3.0 m high at the eastern Yucatan coast, 
resulting from an earthquake of >Mw 7.5. 
 
This and other evidence demonstrates the occurrence of 
seismic activity during late Pleistocene and Holocene in the 
Eastern Yucatan Peninsula and surrounding areas 
illustrating the necessity to review all mitigation protocols 
in this area related to seismic and tsunami hazards. 
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INTRODUCTION 
 
On 12th September 2016 the biggest (ML = 5.8) instrumental 
earthquake occurred in near Gyeongju city and about 600 
aftershock events continued for at least 6 months around the 
epicenter area. The earthquake, named the Gyeongju 
earthquake, shocked the Korean government as well as the 
public and has completely changed the common belief that 
the Korean Peninsula is tectonically stable and is quite a safe 
from severe earthquake hazard. After the Gyeongju 
earthquake, there are increasing concerns about future 
earthquakes in society. These concerns include worrying 
about safety of nuclear power plants that are concentrated 
near the epicenter of the earthquake. 
 
The Gyeongju earthquake occurred in the vicinity of the 
Yangsan Fault System (YFS) (Fig. 1). The YFS has been 
suspected to be seismologically active for a long time (Lee & 
Na, 1983), which is clearly confirmed by the Gyeongju 
earthquake. As genetic connection between the Gyeongju 
earthquake and the YFS has been manifested, the 
government was forced to make new R&D programs to 
investigate and evaluate potential active faults in Korea as 
follow-up measures against the Gyeongju earthquake last 
year. The new R&D program is launched as a joint program 
operated by several government departments. Here we 
introduce the general outline of Korea’s new active fault 
R&D program. In particular, we focus on the role and 
research plan of Korea Institute of Geoscience and Mineral 
Resources (KIGAM) which, as Korea’s sole geological survey, 
is granted a role in the advanced technical development of 
active fault research in Korea. The main purpose of attending 
this meeting is to advertise Korea’s new active fault R&D 
program to active fault research groups worldwide. Through 
this opportunity we look forward to international 
cooperation with research groups with experiences in 
advanced research techniques for surveying active faults, 
which is critical to fulfil the KIGAM’s role within Korea’s new 
active fault R&D program. 

 
 

Figure 1: Map of Korean Peninsula (upper left) where the 
rectangle is enlarged to show the locations of the main fault 
traces of the Yangsan fault system (upper right). The rectangle 
area is further enlarged to show the Gyeongju earthquake 
sequence (bottom). Moment tensor solutions for all three events 
are presented. (modified after Lee & Song, 2016). Abbreviations: 
M, Moryng fault; Y, Yangsan fault; D, Dongrae fault; I, Ilgwang 
fault; and U, Ulsan fault. 
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OVERVIEW OF THE GYEONGJU EARTHQUAKE 
 
A sequence of moderate-sized earthquakes with local 
magnitudes (ML) 5.1 and 5.8 occurred on September 12, 
2016 near the city of Gyeongju (Fig. 1). The largest 
aftershock of ML 4.5 occurred one week later, and about 
600 aftershock events continued for at least 6 months 
around the epicenter area. The focal depth of the 
earthquakes is about 15 km and the earthquakes occurred 
on a NNE-directed, right-lateral strike-slip faulting parallel 
to the strike of the Yangsan fault (Lee & Song, 2016). Kim 
et al. (2017) interpreted that the earthquake occurred on 
a subsidiary fault in the western damage zone of the 
Yangsan fault near epicenter (Kim et al., 2017).  
 
A MULTI-DEPARTMENT, JOINT R&D PROGRM OF ACTIVE 
FAULT RESEARCH IN KOREA 
 
In the past most of active fault studies were conducted to 
provide basic site information needed for constructing 
nuclear power plants. Since seismic hazard was not 
considered serious, even though several active faults were 
found, it was used to establish the design basis for the 
construction of the nuclear power plant. However, after 
the Gyeongju earthquake, the government and the public 
have raised concerns about the possibility of a reduction or 
concealment of the previously surveyed results of active 
faults, and requested a transparent, impartial disclosure of 
the future research results of active faults. Therefore, a 
new active fault research program is designed to meet 
these requirements as well as to prevent duplicate 
investments.  
 
A multi-department, joint R&D program of active fault 
research is supervised by a Joint Project Agency 
(tentative designation) and consists of three individual 
projects supported by Ministry of Public Safety and 
Security (MPSS), Nuclear Safety and Security Commission 
(NSSC), and Ministry of Science, ICT and Future Planning 
(MSIP) (Fig. 2). The project originally proposed by Korea 
Meteorological Administration (KMA) was excluded from 
the program because it does not deal with active fault but 
plans to study regional shallow and deep crustal 
structures of the Korean Peninsula. 
 

Figure 2: Organizaation of a multi-department, joint R&D program 
of active fault research, which shows the participating government 
departments, main goal, project period and presumed budget. 
 

The main purpose of the project supported by MPSS is to 
make a nationwide active fault map (Fig. 2). This project 
consists of 5 phases, each of which is composed of 5 years. 
The surveys of the first phase (2017 – 2021) will mainly 
cover the south-eastern area of the Korean Peninsula, 
where most of the potential active faults are located, 
including the YFS . It takes an approximate budget of $13 
Million. Recurrence interval of faulting events in Korea is 
assumed to be quite long (approximately in the range of 
7 - 10 ka) (Kyung, 2010). Therefore, paleoseismological 
approach will be largely applied to investigate active 
faults in Korea. 
 
NSSC is a supervisory authority for nuclear power plants in 
Korea. The public as well as the government are worried 
about safety of nuclear power plants after the Gyeongju 
earthquake, and requested reliable re-evaluation on the 
seismic design of the plants. The main goal of the project 
supported by NSSC is to characterize the epicenter fault 
that caused the Gyeongju earthquake in order to reassess 
seismic design of existing nuclear power plants (Fig. 2). 
Because the focal depths of the Gyeongju earthquake are 
about 15 km, this project will take 5 years (2017 – 2021) 
and aims to build up a microearthquake monitoring system 
in order to characterize the epicenter fault of the Gyeongju 
earthquake. It will also try to image deep crustal structure 
around the epicenter using magnetotellurics (MT) survey. 
It takes an approximate budget of $22 Million. 
 
MSIP is a ministry responsible for science and technology 
R&Ds in Korea, and defines a mission for new technology 
development for active fault research to KIGAM. The 
budget is approximately $6.4 Million for the 3 year (2017 – 
2019) project. KIGAM’s role and research activity is 
explained in the next section. 
 
ACTIVE FAULT RESEARCH OF KIGAM 
 
The active faults in Korea have been known to be 
characterized by slow slip rates (ca. 0.1 – 0.06 m/ka) and 
long recurrence interval (ca. 7 – 15 ka) (Kyung, 2010). In 
addition, most of the historic and instrumental 
earthquakes are small to moderate-sized in magnitude, 
which leaves no significant evidence for surface ruptures 
(Kyung, 2010). These features make it very difficult to find 
a good outcrop for paleoseismological investigation. Even 
when a proper site is found, it is usually located on private 
property, and it is hard to get permission for trench work. 
 
Despite of these challenging obstacles and problems, 
KIGAM, as the only geological survey in Korea, undertakes 
the assignment given by the government to develop new 
scientific technology for improving the level of research of 
active faults in Korea. In this project, first of all, KIGAM 
focuses on developing scientific techniques to detect and 
trace buried faults in the central part of the Yangsan fault. 
Modern image analysis (e.g., LiDAR) is applied for regional 
and local geomorphic analysis. 3D image analysis using 
drone is also applied to get detailed geomorphic features 
on a local scale. Preliminary analysis of LiDAR images 
succeeded to identify several sites with apparent surficial 
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displacements of 17 – 250 m. Geologic and geophysical 
investigations are now undertaken at those sites for trench 
works. Geophysical (e.g., electrical resistivity survey, 
shallow seismic survey, GPR) and borehole techniques are 
combined with traditional geologic, geomorphic and 
quaternary mapping techniques in order to detect and 
trace the buried active faults. Advanced methods of 
quaternary geochronology are developed to guarantee 
reliable age constraints on fault activity. All of the 
information acquired from these scientific techniques are 
realized in the form of ‘thematic map of faults’. 
International cooperation with research groups with 
experience in advanced research techniques for surveying 
active faults is actively planned to raise the research level 
of active faults in Korea. 
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Abstract: On June 12, 2017 an Mw 6.3 earthquake struck Lesvos Island (Northeastern Aegean, Greece). Its epicenter is located 
offshore southeastern Lesvos at depth of about 13 km. The main shock was generated by a NW-SE striking and SW-dipping 
normal fault that constitutes the northern margin of the offshore Lesvos basin. It caused extensive secondary environmental 
effects. Ground cracks were observed along the main tectonic structure of the affected area, the onshore active NW-SE striking 
and SW-dipping Polichnitos fault as well as close to river banks and the coastline occurred southeast of the worst affected 
area. Slope movements included landslides, rockfalls and rockslides. A small tsunami generated offshore southeastern Lesvos is 
attributed either to sea bed displacement or more probably to submarine landslides. The size of total affected area based on 
the generated EEE was around 100 km2 corresponding to a VIIIESI-07 epicentral intensity. 
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INTRODUCTION 
 
On June 12, 2017 (12:28 GMT) a strong earthquake struck 
Lesvos Island (Northeastern Aegean, Greece) (Fig. 1). It was 
estimated to be Mw 6.3 (Papadimitriou et al., 2017). It was 
predominantly felt on Lesvos Island and throughout the 
North Aegean Islands and western Turkey. It claimed the 
life of a woman due to building collapse and 15 injured due 
to collapsing buildings and falling debris. The southeastern 
part of Lesvos suffered the most by the earthquake in its 
natural environment, building stock and infrastructures. 
 
Based on the preliminary seismological data provided by 
the University of Athens (Papadimitriou et al., 2017), the 
earthquake epicentre is located offshore southeastern 
Lesvos (Fig. 1). The main shock is located at depth of 
about 13 km and the fault plane solutions demonstrated a 
NW-SE striking and SW-dipping normal fault that 
constitutes the northern margin of the offshore Lesvos 
basin (Fig. 1). 
 
The 2017 Lesvos earthquake induced extensive secondary 
earthquake environmental effects (EEE) comprising 
ground cracks, slope movements and tsunami waves. 
 
GEOLOGICAL AND SEISMOTECTONIC SETTING 
 
The eastern Lesvos comprises alpine rocks, including a 
lower unit of Upper Paleozoic to Triassic schists and 
marbles, underlying tectonically large ultrabasic masses 
(Lesvos ophiolites) (Hecht, 1972, 1974a, b, c; Pe-Piper, 
1978; Katsikatsos et al., 1982; Pe-Piper & Piper, 1993). As 
regards more recent formations, continental sedimentation 
occurred during Pleistocene in the coastal region of Vatera 
located in southeastern Lesvos (Fig. 1), when a relatively 
thick sequence of conglomerates and clays was deposited. 
 

The main active faults of Lesvos are the Gavathas, Skala 
Eressos, Kalloni - Agia Paraskevi, Polichnitos - Plomari, 
Agios Isidoros - Cape Magiras and Geras Gulf fault zones 
(Chatzipetros et al., 2013) (Fig. 1). The main active fault of 
the affected area is the Polichnitos - Plomari fault. The 
NW-SE striking and SW-dipping Polichnitos - Plomari fault 
is about 13.5 km (Fig. 1), defines the long linear series of 
hills in the areas between Polichnitos and Plomari (Fig. 1) 
and is associated with the thermal activity of the 
Polichnitos geothermal field (Günther et al., 1977). Its 
footwall is composed of ophiolites, schists and marbles, 
while its hanging wall consists of Pleistocene and 
Holocene deposits (Hecht, 1972, 1974c). 
 

 
Figure 1: The 2017 Lesvos (Northeastern Aegean Sea, Greece) 
earthquake was generated offshore southeastern Lesvos by a NW-SE 
striking and SW-dipping normal fault that constitutes the northern 
margin of the offshore Lesvos basin located southwards of the island. 
 
Based on the historic and instrumentally recorded 
seismicity of Lesvos, it is concluded that the island has 
been repeatedly struck by earthquakes from 1383 to 
present with magnitudes varying from 6.2 to 7.4 and 
seismic intensities of up to X (Papazachos & Papazachou, 
2003; Taxeidis 2003; Ambraseys 2009) with significant 
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Polichnitos geothermal field (Günther et al., 1977). Its 
footwall is composed of ophiolites, schists and marbles, 
while its hanging wall consists of Pleistocene and 
Holocene deposits (Hecht, 1972, 1974c). 
 

 
Figure 1: The 2017 Lesvos (Northeastern Aegean Sea, Greece) 
earthquake was generated offshore southeastern Lesvos by a NW-SE 
striking and SW-dipping normal fault that constitutes the northern 
margin of the offshore Lesvos basin located southwards of the island. 
 
Based on the historic and instrumentally recorded 
seismicity of Lesvos, it is concluded that the island has 
been repeatedly struck by earthquakes from 1383 to 
present with magnitudes varying from 6.2 to 7.4 and 
seismic intensities of up to X (Papazachos & Papazachou, 
2003; Taxeidis 2003; Ambraseys 2009) with significant 
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effects to the local population, the natural environment 
and the building stock. It is not the first time that the 
southeastern Lesvos is the worst affected by an 
earthquake. Similar distribution of seismic intensities 
were also reported after the 1845 (October 11, M=6.8, 
IMAX=X), 1867 (March 7, M=7.0, IMAX=X), 1953 (March 18, 
M=7.4, IMAX=IX+) and 1981 (December 19, M=7.2, 
IMAX=VIII) (Fig. 2). 
 
Based on historical seismicity data (Papazachos & 
Papazachou, 2003; Taxeidis, 2003; Ambraseys, 2009) and 
the distribution of seismic intensities of historical and 
instrumentally recorded earthquakes in Lesvos wider 
area, it is concluded that the highest seismic intensities 
have undoubtedly been observed in the southeastern 
Lesvos (Fig. 2). On the contrary, the southwestern part of 
Lesvos has suffered low seismic intensities (Fig. 2). 
 

 
Figure 2: Areas with high contrasts in seismic intensities during large 
earthquakes in Lesvos. The maximum intensities have undoubtedly 
been observed in the southern and eastern part of Lesvos during the 
1845, 1867, 1953 and 1981 earthquakes (data from Papazachos & 
Papazachou, 2003; Taxeidis, 2003; Ambraseys, 2009). 
 
EARTHQUAKE ENVIRONMENTAL EFFECTS 
 
Ground cracks 
NW-SE (N310°) striking ground cracks were observed 
disrupting the embankment of a provincial road close and 
parallel to the Polichnitos fault (Fig. 3, 4a). They were 50 
meters long and 1 cm wide (Fig. 4b). However, tectonic 
surface deformation (uplift or subsidence) and associated 
structures were not detected on both sides of the cracks. 
However, large fragment of tectonic breccia were 
detached from fault surfaces formed on ophiolites and 
scree were detached from slopes and rolled down 
towards the rural road, while already existing joints in 
ophiolites were widened. 
 
Ground cracks were also observed close to Agia Katerina 
area and parallel to the banks of Almyropotamos River (Fig. 
3, 4c) with length of about 5 m and width of 1 cm as well as 
in Vatera coastal area close and parallel to the coastline 
with length of 10 m and width of 1 cm (Fig. 3, 4d) disrupting 
the asphalt pavement in both cases. Dislpacement was also 
not detected on both sides of the cracks in Agia Katerina 
and Vatera sites. 

 
Figure 3: Environmental effects induced by the 2017 Lesvos 
earthquake including ground cracks, slope movements and 
tsunami wave. 
 

 
Figure 4: Ground cracks (a) close and almost parallel to 
Polichnitos fault, (b) on the road close to the coastline in Vatera 
coastal area, (c) on the road close and almost parallel to banks of 
the Almyropotamos River. All sites are located in the hangingwall 
of the Polichnitos fault, close to the worst affected area of Vrissa 
and are considered as secondary EEE. 
 
Slope movements 
The 2017 Lesvos earthquake induced slope movements 
included mainly landslides, rockfalls and rockslides. They 
were observed in several sites of the earthquake-affected 
area including Palaeochori (Fig. 5a-b), Agios Isidoros (Fig. 
5c-d) and Akrasi (Fig. 5e) sites as well as along the road 
leading from Plomari to Melinda (Fig. 5f, g, h). They 
resulted in partial damage to the road network including 
cracks and craters in the asphalt pavement and 
deformation of road protection barriers as boulders 
bounced across the roads, damage to adjacent building 
structures and related facilities (Fig. 5h) and temporary or 
permanent traffic disruption. 
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The aforementioned slope movements are attributed to: (a) 
pre-existing instability conditions formed in geotechnically 
unstable areas and landslide zones, (b) presence of active 
faults forming intense relief with high and abrupt slopes and 
scarps, as well as (c) suitable geometry of beds and 
discontinuities dipping towards the free face of slopes. 
 

 
Figure 5: Slope movements were induced by the 2017 Lesvos 
earthquake in the following areas: (a-b) Palaeochori, few hours 
after the earthquake (a) and the same site a month later (b), (c-d) 
Agios Isidoros, (e) Akrasi, (f, g, h) along the road from Plomari to 
Melinta, resulting in damage to the road network, temporary traffic 
disruption and destruction of adjacent buildings and facilites. 
 
Tsunami waves 
After the earthquake, a small tsunami was generated 
offshore southeastern Lesvos and was reported by 
residents in the coastal area of Plomari and mainly in 
Plomari port (Fig. 3). It is characterized as a small tsunami 
of peak-to-peak amplitude of ~30 cm (Papadopoulos et al., 
2017). The same wave of less amplitude was observed in 
Foca (Turkey). Preliminary analysis of various tide-gauge 
stations in the Aegean Sea area showed disturbances with 
amplitudes of few cm which may be due to the 
aforementioned tsunami (Papadopoulos et al., 2017). 
 
ENVIRONMENTAL SEISMIC INTENSITY 2007 (ESI 2007) 
 
The Environmental Seismic Intensity 2007 (ESI 2007) 
scale allows an assessment of seismic intensity based 
solely on primary and secondary EEE (Michetti et al., 
2007). Primary EEE are directly linked to the earthquake 
energy and particularly to the surface expression of the 
causative seismic fault and include surface faulting and 

permanent ground dislocation induced by tectonic uplift 
and tectonic subsidence, while secondary EEE are 
caused by the ground shaking and include hydrological 
anomalies, anomalous waves/tsunamis, ground cracks, 
slope movements, trees shaking, liquefaction 
phenomena, dust clouds and jumping stones (Michetti 
et al., 2007). Based on the provided guidelines by 
Michetti et al. (2007) updated by Audemard et al. (2015) 
the epicentral intensity (I0) and the local intensities can 
be assessed. Surface faulting parameters such as the 
surface rupture length and the maximum surface 
displacement can be used to assess the epicentral 
intensity (I0), while the dimensions and the areal 
distribution of secondary EEE occurred in different sites 
are used to assess the local intensities. 
 
The secondary EEE induced by the 2017 Lesvos 
earthquake and their spatial distribution were considered 
appropriate for the application of the ESI 2007 scale 
based on the guidelines developed by Michetti et al. 
(2007) and the evaluation of the epicentral intensity (I0) 
and local intensities occurred in different sites. The total 
area distribution of secondary EEE has been used for 
assessing epicentral intensity (I0). The size of total 
affected area was around 100 km2 corresponding to an 
intensity VIIIESI-07. 
 
VIESI-07 intensity is assigned to all sites with observed 
ground cracks (Fig. 6) based on their dimensions including 
length varying from 5 to 50 m and width of up to 1 cm. 
 
VIESI-07 intensity is assigned to Plomari coastal area (Fig. 6) 
based on the peak-to-peak amplitude (~30 cm) of the 
reported tsunami. 
 
As regards the sites with earthquake induced slope 
movements, based on the volume of the mobilized 
material, VESI-07 intensity is assigned to Palaeochori, Plomari, 
Akrasi and Agios Isidoros sites. V-VIESI-07 intensity is assigned 
along the road from Plomari to Melinta (Fig. 6). 
 

 
Figure 6: ESI 2007 Seismic intensities assigned to sites with 
environmental effects induced by the 2017 Lesvos earthquake. 
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CONCLUSIONS 
 
The June 12, 2017 Mw 6.2 Lesvos earthquake induced 
secondary EEE in the southeastern part of the island. 
Ground cracks were observed close to the main onshore 
active fault of the affected area, close and parallel to river 
banks and the southern coastline of the most affected 
area and attributed to the ground shaking and the pre-
existing instability conditions formed close to river banks 
and the coastline. 
 
Slope movements were observed in various sites of the 
affected area along pre-existing geotechnically unstable 
zones characterized by frequent generation of slope 
failures even before the earthquake, which acted as a 
triggering mechanism. 
 
Tsunami was reported in Plomari port and attributed 
probably to offshore landslides close to the epicentral area. 
 
Based on the application of the ESI 2007 scale, seismic 
intensities vary from V to VI taking into account the 
dimensions of the recorded EEE. 
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Abstract: On June 12, 2017 an Mw 6.3 earthquake struck the southeastern part of Lesvos Island (Northeastern Aegean Sea, 
Greece). Damage was localized in Vrissa area, in the western part of the affected area. Based on this damage distribution and 
on the fact that Vrissa is located inland further from the epicenter than other settlements with less damage, an earthquake 
impact paradox raised. In order to interpret this paradox, a field macroseismic survey was conducted. It is concluded that very 
heavy structural damage was observed in the western part of Vrissa, while its eastern part remained intact. The geological and 
geomorphological setting along with the building characteristics have been identified as factors controlling the spatial 
distribution of building damage. Specifically, highly vulnerable old structures founded on alluvial deposits and on slopes in an 
area bounded by significant faults in combination with probable directivity phenomena resulted in destruction. 
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INTRODUCTION 
 
On June 12, 2017 (12:28 GMT), an Mw 6.3 earthquake 
struck Lesvos Island (Northeastern Aegean, Greece) (Fig. 
1). It caused a fatality, 15 injured, extensive earthquake 
environmental effects and building damage throughout 
the southeastern part of Lesvos. Its epicenter was located 
offshore southeastern Lesvos along an offshore NW-SE 
striking and SW-dipping normal fault as it is shown by the 
provided focal mechanisms and the spatial distribution of 
the aftershock sequence (Fig. 1). 
 
Building damage induced by the earthquake was localized 
in the western part of the affected area and more 
specifically in the wider area of the traditional settlement 
of Vrissa. It suffered most damage to its building stock, 
while less damage was observed in other villages in the 
southern part of Lesvos (Fig. 1). Minor damage was also 
reported from other localities of Chios Island located 
southwards as well as from localities of western Turkey. 
 
Taking into account the spatial distribution of damage 
induced by the 2017 Lesvos earthquake in the southeastern 
part of the island (Fig. 1) and the fact that Vrissa is located 
inland, further from the epicenter than other settlements 
with less damage (e.g. Plomari, Vatera etc), Vrissa seemed 
like an earthquake impact paradox. Moreover, the first 
reports, apart from the earthquake effects on human health, 
referred to total or near total collapses of many buildings 
throughout the village. In order to interpret this paradox, an 
immediate damage assessment was implemented, with the 
highest possible detail including not only typical methods 
but also modern and innovative techniques. The early 
included on-site building-by-building inspection and the late 
comprised modern and innovative techniques comprising 
Unmanned Aircraft Systems (UAS) and GIS online 

applications adjusted to the field macroseismic survey are 
described in detail by Antoniou et al. (this volume). 
Moreover, the factors controlling damage and seismic 
intensities distribution throughout the settlement are herein 
presented and analyzed. 
 

 
Figure 1: The 2017 Lesvos (Northeastern Aegean Sea, Greece) 
earthquake was generated offshore southeastern Lesvos by a NW-
SE striking and SW-dipping normal fault that constitutes the 
northern margin of the offshore Lesvos basin located southwards 
of the island. 
 
GEOLOGY AND GEOMORPHOLOGY OF VRISSA 
 
Vrissa area is located in the hangingwall of Polichnitos-
Plomary fault (Fig. 2), which constitutes the main tectonic 
structure of the affected area. It is a 13.5 km long NW-SE 
striking and SW-dipping normal fault controlling the long 
linear series of hills in the areas between Polichnitos and 
Plomari (Chatzipetros et al. 2013) and is associated with 
the thermal activity of the Polichnitos geothermal field 
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(Günther et al. 1977). Its footwall is composed of 
ophiolites, schists and marbles, while its hangingwall 
comprises Pleistocene and Holocene deposits (Fig. 2) 
(Hecht, 1972, 1974). As regards the geological setting of 
the settlement of Vrissa, its western part is founded on 
Holocene alluvial deposits comprising gray and red clays, 
sands and gravels, while its eastern part is founded on 
Pleistocene deposits including fluvial sand, clays and 
conglomerates with thickness of about 100 m (Fig. 2, 3) 
(Hecht 1972). 
 

 
Figure 2: Geological map of Lesvos Island. Vrissa is located in the 
hangingwall of Polichnitos-Plomary fault. 
 
As regards the geomorphology of Vrissa area, its western 
part composed of Holocene alluvial deposits comprises a 
flat lowland area with elevation varying from 40 to 50 m 
(Fig. 3). It is formed in the junction of several NW-SE 
trending streams flowing from SE to NW and depositing 
gray and red clays, sands and gravels. In contrast, the 
eastern part of Vrissa composed of Pleistocene formations 
comprises an area with intense relief with elevation 
varying from 50 to 100 m and larger slopes (55-195%) 
observed along the stream valleys (Fig. 3). 
 

 
Figure 3: (a) Elevation map of Vrissa. (b) Slope map of Vrissa 
(values %). (c) Geological map of the broader area of Vrissa based 
on Hecht (1972). Geology consists of: Q.al -  Holocene  alluvial 
deposits, Q.sw - Pleistocene scree, talus cones, torrential deposits 
and landslide material and Pl.k.m - Pliocene marl, tuffite and 
limestone (marly and argillaceous clastic sediments, pelite and 
paleosoils). (d) Damage grade map based on the classification of 
building damage according to the European Macroseismic Scale 
1998 (EMS-98) provided by Grünthal (1998). 
 

DOMINANT BUILDING TYPES OF VRISSA 
 
Based on the on-site building-by-building inspection, the 
dominant building types in Vrissa are: (a) masonry 
buildings, (b) reinforced-concrete (R/C) buildings, and 
special structures including (c) monumental and (d) 
industrial structures (Fig. 4). 
 
The first category includes 1- to 3-storey masonry buildings 
with load-bearing walls (Fig. 4a). They can be further 
classified depending on the construction material of the 
masonry, which can be composed of (a) massive stones, (b) 
manufactured stone units, (c) mixed materials including 
massive stones, manufactured stone units, handmade 
solid clay bricks, perforated bricks and concrete blocks. 
These materials are bound by different types of mortar 
including mainly clay and lime mortars in the old structures 
and cement mortars in more recent ones. The main 
characteristic of the masonry buildings is the fact that their 
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century. Consequently, they are at the end of their 
conventional life cycle and face up probable decay 
problems affecting the mechanical properties of their 
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earthquake. A special category of traditional masonry 
residential buildings was detected and characterized by 
anti-seismic construction (Fig. 4b). They have constructed 
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bracing (Fig. 4b). During an earthquake, these frames could 
guarantee the stability of the roof in case of a partial 
collapse of the masonry structure. It has been also 
observed in Eressos settlement in the western part of 
Lesvos and in Bergama in the western coast of Turkey and 
thoroughly described and analyzed by Karydis (2008). 
 
The second category include R/C buildings with R/C frame 
composed of horizontal elements (beams) and vertical 
elements (columns) connected by rigid joints as well as 
infill walls (Fig. 4c). They are recent structures built during 
the last decades according to strict anti-seismic regulations 
and specifications and belong to the vulnerability class D. 
The third category include masonry monumental 
structures such as churches (Fig. 4d) and schools (Fig. 4e). 
Unfortunately, these structures are systematically altered 
and face up decay problems attributed to the old 
construction age and the inappropriate and inadequate 
preservation methods. The fourth category includes 
industrial buildings including masonry production 
structures and their masonry chimneys (Fig. 4f). They are 
still standing, although their static compliance is gradually 
reduced through the years. 
 
Based on the fact that (a) since 1889 no strong earthquake 
struck Lesvos until 2017 and (b) Vrissa is a traditional 
settlement of Lesvos, described as a preserved settlement 
according to the Governmental Gazette of Hellenic 
Republic, the majority of buildings include masonry 
structures belonging to the vulnerability class C, while the 
minority comprises very few R/C buildings belonging to the 
vulnerability class D (Fig. 5a). 
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Figure 4: Dominant building types in Vrissa. (a) masonry building 
with load bearing walls, (b) masonry residential building with 
dual structural system, (c) residential building with reinfroced 
concrete frame, (d) masonry monumental structure (church), (e) 
masonry school building and (f) masonry industrial building with 
masonry chimney. 
 
DISTRIBUTION OF BUILDING DAMAGE IN VRISSA 
 
The stone masonry buildings suffered the most by the 2017 
Lesvos earthquake. They sustained (a) damage grade 1 
comprising hairline cracks in the load-bearing masonry 
walls, (b) damage grade 2 including cracks in many walls, 
detachment of small pieces of places from the walls and 
partial collapse of chimneys, (c) damage grade 3 
comprising large and extensive cracking of all masonry 
load-bearing walls, detachment of large pieces of plaster in 
all load-bearing walls, dislocation and fall of roof tiles, 
detachment of the roof from the rest of the structure and 
fall of gables, (d) damage grade 4 including heavy structural 
failure of roofs and floors and (e) damage grade 5 of partial 
and total collapse based on the EMS-98 (Grünthal, 1998). 
From the earthquake engineering point of view, the 
damage observed in this dominant type of structures is 
attributed mainly to their old construction age and their 
high vulnerability taking into account the fact that their 
construction is dated back to the late 19th or the early 20th 
century. 
 
The special structures including temples, post-byzantine 
structures, museums, schools and industrial buildings with 
masonry load-bearing walls suffered similar damage with 
the masonry residential buildings. More specifically, 
temples suffered damage comprising cracks in most of the 
masonry walls and in other parts such the dome, the 
columns, the aisles, the apse and the gable. Post-byzantine 
structures suffered the aforementioned damage as well as 
partial collapse of the walls. 
 
Industrial buildings suffered partial collapse of the 
perimeter masonry walls and damage of the masonry 
chimneys on the verge of collapse. Schools suffered fall of 
the gable above the entrance and partial collapse of the 
load-bearing masonry walls. 
 
All R/C buildings constructed during the last decades 
showed good performance during the 2017 Lesvos 
earthquake since none of them suffered heavy structural 
damage. R/C buildings suffered only non-structural 
damage including cracks in the infill walls, detachment of 
large pieces of plaster from the infill walls and detachment 
of the infill walls from the surrounding R/C frame (damage 

grade varying from 1 to 2 based on the EMS-98). However, 
some free standing elements sensitive to base 
accelerations were dislocated and damaged. 
 
Based on the observed damage grades and the damage 
distribution in Vrissa, it is concluded that its northwestern 
part is the worst affected characterized by damage grades 
4 and 5 including partial structural failure of roofs, floors 
and walls as well as total or near total collapse respectively 
(Fig. 5b). 47.2% of the surveyed buildings of vulnerability 
class C suffered damage grade 5, 18.1% damage grade 4, 
12.7% damage grade 3, 8.0% damage grade 2 and 13.3% 
damage grade 1. 
 

 
Figure 5: (a-left) Map of the buildings’ vulnerability in Vrissa 
settlement based on the field macroseismic observations and the 
EMS-98. A percentage of 99.38% of the buildings are of 
vulnerability class C. (b-right) Damage grades map for Vrissa 
settlement. 
 
CONCLUSIONS 
 
The very heavy structural damage was observed in the 
western part of Vrissa, while its eastern part remained 
relatively intact. Taking into account the geological and 
tectonic structure, the geomorphological setting and the 
field macroseismic observations on the type, vulnerability 
and damage grades of buildings, it is concluded that the 
worst affected part of Vrissa is founded on Holocene 
alluvial deposits comprising gray and red clays, sands and 
gravels, while the slightly affected part is founded on 
Pleistocene deposits including fluvial sands, clays and 
conglomerates with thickness of about 100 m. Moreover, 
the groundwater level in the alluvial deposits was high 
resulting in reduction of (a) the absorption of the vertical 
(P) waves, (b) the strength and the stiffness of the soils due 
to the fact that the water acts as lubricant reducing friction 
and increasing mobility of deposits and (c) the generation 
of the S waves due to saturated deposits. All the 
aforementioned facts led to large differences in seismic 
intensities between the two parts of Vrissa comprising 
different geological and geomorphological setting. 
 
Apart from the worst affected western part of Vrissa 
founded on alluvial deposits, very heavy structural damage 
including partial or total collapses was also observed in 
isolated areas in its southwestern intact part. The most 
characteristic “damage islet” has been detected around 
the partially collapsed elementary school of Vrissa. It is 
characterized by partial or total collapse of masonry 
buildings of old construction age and high vulnerability as 
well as by damage to infrastructures and more specifically 
to the road and electricity networks. The aforementioned 
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damage is attributed to the generation of landslides along 
a geotechnically unstable zone detected south of the 
elementary school of Vrissa and characterized by relatively 
steeper slopes (Fig. 6). A landslide was generated 
southeast of the school resulting in destruction of the road 
network and tilting and collapse of electricity pillars (Fig. 
6). Another landslide was observed in the southern part of 
the school resulting in hairline cracks to a masonry 
perimeter wall located in the westward prolongation of the 
crown cracks, partial collapse of a retaining wall supporting 
the school’s playground and severe damage to a 
warehouse adjacent to the unstable and mobilized slope 
inside the school’s yard (Fig. 6). It is significant to note that 
this is not the first time that landslides have been 
generated in the same site. Evidences of generation of 
similar phenomena (creep and slow crack growth) were 
detected on an adjacent perimeter wall that suffered 
cracks and were repeatedly restored with the use of 
concrete. 
 

 
Figure 6: (a) Pleistocene deposits with large dip angle in the area 
east of the elementary school of Vrissa. (b) Landslides affecting 
road and electricity pillars, (c) landslide and crown cracks resulting 
in destruction of an adjacent warehouse (d). 
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Abstract: The Chilean coast is subjected to strong subduction earthquakes and giant tsunamis. Nevertheless reports recording 
paleotsunamis along the hyperarid coast of Northern Chile are almost non-existent. This investigation focuses on the Taltal bay 
area, within the major seismic gap of Northern Chile where the last giant tsunamigenic earthquake -Mw8.8- occurred in 1877. 
Two trenches were dug at archaeological sites, both of which exhibit anomalous layers of reworked material. Selected samples 
were subjected to multiproxy analyses and we were able to identify at least 4 Holocene paleotsunami deposits. All had erosional 
basal contacts, fined upwards and inland, and also became thinner with increasing distance from the sea. In addition, we also 
observed and recorded large waterworn boulders most likely indicative of tsunami inundation.  We discuss the discrimination 
between paleotsunami deposits and other kinds of catastrophic events such as debris flows and storms along this rocky coast in 
this world`s most hyperarid environment. 
 
Key words: Chile, Holocene, Paleotsunamis, Taltal, Trench. 
 
 
INTRODUCTION 
 
Chile is located in a highly seismic area because the Nazca 
plate is subducting under the South American plate with a 
convergence rate of 6.8 cm/yr (Figure 1(a)), subjecting the 
coastal area to strong earthquakes and giant tsunamis. 
Scientific research on historical and paleotsunamis records 
has been mostly concentrated along the central-southern 
region (Cisternas et al., 2005; Ely et al., 2014) owing to the 
environment being more favorable to the preservation of 
deposits thus allowing their clear identification usually in 
wetland areas. While steep cliffs and a narrow coastal plain 
control the northern landscape, blocking deposition in 
many cases. Coastal areas are not only affected by 
tsunamis, but also by storms, tidal waves and debris flow, 
hampering deposits preservation and identification. This 
research article seeks to contribute scientific knowledge 
about the hyperarid coast of Northern Chile where reports 
recording paleotsunamis are almost non-existent. This 
investigation focuses on “Isla Blanca Bay” south of Taltal. 
An area located within the major seismic gap of Northern 
Chile where the last giant tsunamigenic earthquake –
Mw8.8- occurred in 1877, affecting an area from Arica to 
Caldera (Monge, 1993). Two locations were studied, one 7 
km south along the coast from the city where the coast has 
a N-S trend, and the other 17 km south from Taltal, where 
the coast is trending W-E. 
 
 

 
Figure 1. Location maps A) Study area and historic tsunamis. B) 
Trench locations and principle archaeological sites. 
 



8TH INTERNATIONAL PATA DAYS 2017                           PROGRAMME241

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
 

Recording Holocene paleotsunamis along the hyperarid coast of Taltal region in Northern Chile 
 

Tomás León (1), Gabriel Vargas (1), Diego Salazar (2), James Goff (3), Jean Louis Rajot (4) 
 
(1)    Departamento de Geología, Facultad de Ciencias Físicas y Matemáticas, Universidad de Chile, Plaza Ercilla 803, Santiago, Chile. 
tleon@ing.uchile.cl, gvargas@ing.uchile.cl  
(2)    Departamento de Antropología, Universidad de Chile, Ignacio Carrera Pinto 1045, Piso 2, Ñuñoa, Santiago, Chile.  
(3)    School of Biological, Earth and Environmental Sciences, University of New South Wales, Sydney 2052, Australia.  
(4)    Centre National de la Recherche Scientifique-Retired.  
 
 
Abstract: The Chilean coast is subjected to strong subduction earthquakes and giant tsunamis. Nevertheless reports recording 
paleotsunamis along the hyperarid coast of Northern Chile are almost non-existent. This investigation focuses on the Taltal bay 
area, within the major seismic gap of Northern Chile where the last giant tsunamigenic earthquake -Mw8.8- occurred in 1877. 
Two trenches were dug at archaeological sites, both of which exhibit anomalous layers of reworked material. Selected samples 
were subjected to multiproxy analyses and we were able to identify at least 4 Holocene paleotsunami deposits. All had erosional 
basal contacts, fined upwards and inland, and also became thinner with increasing distance from the sea. In addition, we also 
observed and recorded large waterworn boulders most likely indicative of tsunami inundation.  We discuss the discrimination 
between paleotsunami deposits and other kinds of catastrophic events such as debris flows and storms along this rocky coast in 
this world`s most hyperarid environment. 
 
Key words: Chile, Holocene, Paleotsunamis, Taltal, Trench. 
 
 
INTRODUCTION 
 
Chile is located in a highly seismic area because the Nazca 
plate is subducting under the South American plate with a 
convergence rate of 6.8 cm/yr (Figure 1(a)), subjecting the 
coastal area to strong earthquakes and giant tsunamis. 
Scientific research on historical and paleotsunamis records 
has been mostly concentrated along the central-southern 
region (Cisternas et al., 2005; Ely et al., 2014) owing to the 
environment being more favorable to the preservation of 
deposits thus allowing their clear identification usually in 
wetland areas. While steep cliffs and a narrow coastal plain 
control the northern landscape, blocking deposition in 
many cases. Coastal areas are not only affected by 
tsunamis, but also by storms, tidal waves and debris flow, 
hampering deposits preservation and identification. This 
research article seeks to contribute scientific knowledge 
about the hyperarid coast of Northern Chile where reports 
recording paleotsunamis are almost non-existent. This 
investigation focuses on “Isla Blanca Bay” south of Taltal. 
An area located within the major seismic gap of Northern 
Chile where the last giant tsunamigenic earthquake –
Mw8.8- occurred in 1877, affecting an area from Arica to 
Caldera (Monge, 1993). Two locations were studied, one 7 
km south along the coast from the city where the coast has 
a N-S trend, and the other 17 km south from Taltal, where 
the coast is trending W-E. 
 
 

 
Figure 1. Location maps A) Study area and historic tsunamis. B) 
Trench locations and principle archaeological sites. 
 

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

As some authors point out, tsunami deposit identification 
can be difficult and so applying multiproxy techniques to 
better understand a deposit’s genesis is important 
(Chagué-Goff et al., 2011). To do this, sediments were 
analyzed using sedimentology, stratigraphy and 
geomorphology, looking for evidence to identify late 
Holocene tsunami deposits related to archaeological 
occupation (Figure 1 (b)). Since sea level stabilized around 
6000 years ago (Pirazzoli, 1991), coasts became favorable 
places for human settlement, allowing for numerous 
coastal occupation sites to be established along Taltal bay 
and the surrounding areas (Salazar et al., 2015). Like today, 
these sites are likely to have been affected by catastrophic 
events such as tsunamis in the past, making it important to 
better understand these earlier events. 
 
Methods and materials 
In order to describe the landscape components, high 
definition photogrammetry has been used with Phantom 4 
Pro drone, these pictures were processed using the Agisoft 
Photoscan Professional software producing Digital 
elevation models (DEM), orthophotographies and a 3D 
model. After digging several test trenches along the coast, 
two were dug at “Los Bronces” and “Hornos de cal” 
Holocene archaeological sites. The Los Bronces trench was 
located at 8 meters above sea level and 85 m from the 
coast. It was 1.2 m deep and 1.9 m wide. The Hornos de cal 
trench was located 95 m from coast and 11 m.a.s.l., it was 
1.1 m deep and 1.8 m wide. Both had well preserved 
sedimentary records due to the surrounding rock outcrops 
protecting them from reworking by floods.  Different layers 
were identified and described using stratigraphic and 
sedimentological criteria, samples were also taken from 
each layer. Manual sieving and laser grain size analysis 
using Malvern Mastersizer 2000 were applied to these 
samples. Results were processed using GRADISTAT 8.0 
software (Blott & Pye, 2001) and X-ray fluorescence 
analyses were also carried out to identify chemical 
elements suggesting deep marine sediment transportation 
to the coast. Sediment texture was studied using a 
stereoscopic microscope and organic material was also 
studied to differentiate between anthropogenic and 
natural sources. Radiocarbon analysis is also being carried 
out on shell and charcoal samples. 
 
RESULTS AND DISCUSSION 
 
Los Bronces Trench 
At Los Bronces there are 3 medium sand layers identifiable 
along the entire trench profile and considered to be 
tsunamis deposits.  The first layer (event 1) is located from 
75 to 84 cm deep, the second one (event 2) between 71 
and 73 cm and the last one (event 3), located from 45 to 55 
cm. They have a sharp lower contact, become thinner 
landward and exhibit normal grading in general with a few 
cases of inverse grading zones. Many articles emphasize 
the normal grading of tsunamis deposits (J. Goff et al., 

2001; Nichol et al., 2007), which is produced by decreasing 
velocity as the wave moves inland (Morton et al., 2007). 
Nevertheless inverse grading may occur when there are 
fine but heavy sediments at the base of the tsunami flow; 
these particles deposit faster with coarser and lighter 
sediments deposited above (Jaffe et al., 2012; Moore et al., 
2011; Morton et al., 2008).When this occurs, a normal 
grading layer is expected over them, as in layers from 
events 1 and 3. Overall deposits fine upwards within each 
layer (Goff et al., 2012). The rounding of particles is higher 
in these layers compared to the other deposits above and 
below them, supporting the inference of the inland 
transport of sea-rounded sediments. A common feature in 
these layers is the presence of intact and broken shells 
which in some cases also show flow direction. Chemical 
element analysis shows a relative increase in Ca and Sr, 
related to carbonates from marine shells and microfossils, 
and often used to support a tsunami interpretation for a 
deposit (Goff et al., 2004; Nichol et al., 2010). There are 
also increases in Ti and Fe associated with heavy minerals 
– these are used as indicators of high energy deposits(Goff 
et al., 2010; Nichol et al., 2007). Organic material analysis 
shows the presence of limpets (Scurria parasitica) and sea 
snails (Tegula). These species were not used as food by the 
ancient humans in the area (Guzmán et al., 1998) 
supporting the interpretation that these layers were 
produced naturally and do not have an anthropogenic 
origin. Regarding the events chronology, the Los Bronces 
archaeological site dates from the III Archaic phase, 7500 
to 5500 BP (Salazar et al., 2015), and thus some of these 
events may be from at least 7500 years ago. Ongoing 
radiocarbon analysis will help to confirm their age. 
 
Hornos de Cal Trench 
The geologic log shows fragmented and complete shells in 
a gray sand layer. The shells are orientated in a manner 
indicating a flow direction from the sea. This layer gets 
thinner inland, shows a sharp lower contact and rests 
between anthropogenic layers (Figure 2). All these criteria 
may be indicative of a tsunami deposit (Goff et al., 2011). 
This layer was also found during inland archaeological 
digging showing the same stratigraphic depth as in Hornos 
de Cal between 25 and 50 cm, with a 15 cm average 
thickness. Granulometric analysis shows the relative size 
decreasing inland. Although grain size is not a tsunami 
discriminant feature, since it depends on the sediment 
source (e.g. Dawson & Stewart, 2007; Goff et al., 2012), 
this size difference, on the tsunami deposit, may be 
explained by the finer sediments being contributed from a 
sea flow to the coast, supported by these decreasing 
sorting. Samples show positive skewness (fine skewed) and 
a very platykurtic curve indicating a different source 
compared to the rest of layers. The sediment texture 
shows a better sphericity and roundness than the 
surrounding layers, and a flat discoidal shape probably 
produced by particles being moved up and down during 
wave swash and backwash. 
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Figure 2: Tsunami deposit in archeological site. A) 3D Model of the area. B) Hornos de Cal Trench. C) Stratigraphic profile. 

In contrast to the Los Bronces trench, organic material in 
this layer shows edible fauna such as sea urchin and Chitón 
curangist, and inedible material such as Scurria parasítica 
and Tegula, there were also some signs of stone knapping. 
This mixing of material within the deposit is caused by the 
reworking of pre-existing midden during tsunami 
inundation. The chemical analyses did not show clear 
indications of marine inundation with only a notable 
increase in Ca most likely reflecting the incorporation of 
midden material into the deposit. 
 
Finally, to the south of the study area, large boulder 
deposits were identified. They had been moved inland 
several meters. This is similar to Matancillas beach 
(Figure 3), where numerous boulders are located more 
than 100 m. from the coast. Many authors have shown 
that tsunamis are capable of transporting large boulders 
a considerable distance inland (e.g. Goto et al., 2010, 
2012; Piscitelli et al., 2016) and it is likely that these are 
linked with the finer sediment deposits reported from the 
trenches. 
 
CONCLUSIONS 
 
Through this multiproxy study, including chemical, 
sedimentological, geomorphological, and archaeological 
analyses, we were able to identify at least 4 Holocene 
paleotsunami deposits. The presence of large boulders at 
or near the coast can also be related to tsunami 

inundation. It is known that historical tsunamis have 
affected this coast but these deposits reported here are 
considerably older. Ongoing radiocarbon analysis will help 
determine the age of these events and provide more 
information about past tsunamis affecting the northern 
Chile coast. 

 
Figure 3: A) Boulders line in Matancillas beach. B) Example of big 
boulders. 
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Abstract:  The 2016 Mw 7.8 Kaikōura Earthquake caused vertical deformation along ~110 km of the Kaikōura coast, much of 
which is characterised by Pleistocene and Holocene marine terraces. The Holocene marine terrace data is largely unpublished, 
and this paper presents reconnaissance mapping and radiocarbon dating results, and compares these with the 2016 coseismic 
vertical deformation and paleoearthquake ages for the Kekerengu Fault. The distribution of coseismic and paleo-deformation 
broadly coincide except for the area between the Kekerengu and Papatea faults and in the Kaikōura Plain, suggesting uplift 
mechanisms other than the faults that ruptured in 2016 operate over long timescales. Terrace ages from the Cape Campbell 
coast broadly match paleoearthquake ages from the Kekerengu Fault, suggesting it generally ruptures with the Needles Fault. 
Ages from Waipapa Bay and Kaikōura Peninsula may be the first paleoearthquake ages for the Papatea Fault and a blind fault 
offshore of Kaikōura Peninsula, respectively. 
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INTRODUCTION 
 
The 14 November 2016 Mw7.8 Kaikōura Earthquake 
caused vertical deformation of over ~110 km of the 
Kaikōura coast, northeastern South Island, New Zealand 
(Clark et al., 2017; Figure 1). The deformation was highly 
variable, reflecting the complexity of fault ruptures, but 
was not unprecedented, as much of the coast is 
characterised by Holocene and Pleistocene marine 
terraces (Duckmanton, 1974; McFadgen, 1997; Ota et al., 
1996). Reconnaissance mapping and radiocarbon dating 
of the Holocene marine terraces and examination of 
water bore logs was undertaken by several of the co-
authors in the late 1980’s and early 1990’s but has largely 
remained unpublished. This paper summarises that data, 
as well as other existing data and two new radiocarbon 
ages. We briefly compare the terrace distribution and 
ages with the Kaikōura Earthquake coastal deformation 
and fault paleoearthquake records. 
 
HOLOCENE MARINE TERRACE DATA 
Flights of up to 7 Holocene marine terraces have been 
mapped at a number of localities between Mussel Point 
and Kaikōura Peninsula (Figure 1). The terraces were 
originally mapped using 1940’s aerial photographs and 
more recently using a 1 m-pixel LiDAR Digital Elevation 
Model. Radiocarbon samples (Table 1) were collected 
from natural marine terrace exposures and the 
Hawthorne Road drill-hole, and the majority of the 
marine terrace sample elevations were surveyed with a 
total station. The results are briefly discussed below, 
from north to south. 

 
Mussel Point and Cape Campbell 
Two Holocene marine terraces are mapped at Mussel 
Point (~3.6 and 3 m amsl) and four at Cape Campbell (~15, 
≤7, 5.8 and 3.5 m amsl). The older (1989, pre-AMS) ages 
from the lowest terrace at each site overlap, but new 
(2017, AMS) ages from the lowest terrace at Cape 
Campbell are younger than the Mussel Point age (Table 
1). The ages for the second-highest terrace at each site 
overlap, and the age for the third-highest terrace at Cape 
Campbell is slightly older.  
 
Cape Campbell to the Kekerengu Fault 
Holocene marine terraces are intermittently preserved 
south of Cape Campbell, with three terraces mapped at 
Chancet Rocks (~11, 10.2 and 6.5 m amsl) and four at 
Mirza Creek (~13-15, 10-13, 6-8 and 5 m amsl) and 
Wharanui (~18, 14, 8, 4 m amsl). The ages obtained from 
the lowest terrace at Chancet Rocks and Mirza Creek 
overlap, as does an age obtained from a single terrace 
at Long Point, and the lowest terrace at Cape Campbell 
and Mussel Point (Table 1). The age obtained from the 
lowest terrace at Wharanui is older, however. The 
second-highest terrace at Wharanui has a radiocarbon 
age older than any of the material dated from the Cape 
Campbell terraces. A wood sample from valley infill 
sediment adjacent to the Flaxbourne River is much 
older, consistent with an estuarine or fluvial post-
transgressive sequence (e.g., Ota et al., 1988, 1995; 
Litchfield and Clark, 2015). 
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1). The ages for the second-highest terrace at each site 
overlap, and the age for the third-highest terrace at Cape 
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south of Cape Campbell, with three terraces mapped at 
Chancet Rocks (~11, 10.2 and 6.5 m amsl) and four at 
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at Long Point, and the lowest terrace at Cape Campbell 
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Figure 1: Holocene marine terrace dating sites and 2016 Kaikōura Earthquake vertical coastal deformation (Clark et al., 2017). The sites are labelled 
with the Rafter Radiocarbon Laboratory numbers (A is AMS). 1-3 are áreas where 2016 Kaikōura Earthquake and long-term uplift coincide. 
 
Kekerengu Fault to the Papatea Fault 
Up to seven Holocene marine terraces are mapped 
between Deadman Stream and the Clarence River, with the 
highest at ~15 m amsl and the lowest at 4 m amsl. Four 
ages obtained from the lowest terrace overlap with one 
another and with the ages from the lowest terraces farther 
north (Table 1).  An older age was obtained from a terrace 
at ~7.5 m amsl, which overlaps with the age of the lowest 
terrace at Wharanui. 
 
Waipapa Bay 
Three terraces are mapped on the south side of the 
Papatea Fault at Waipapa Bay, with elevations at ~6 m, 4 
m and 3 m amsl. Radiocarbon ages were obtained from the 
lowest and third-highest terraces and appear to be 
different from the terrace ages from elsewhere (Table 1).  

 
Kaikōura Plain 
The Kaikōura Plain was mainly swamp and marsh before 
being drained towards the end of the 1800s and has no 
clear marine terraces. A groundwater test bore drilled at  
Hawthorne Road reached bedrock (Tertiary siltstone and 
sandstone) at 41 m bgs, and is overlain by beach gravel, 
fluvial gravel, and swamp deposits (Brown, 1988). A late 
Holocene age was obtained from wood at the base of the 
swamp deposits (Table 1), but ages from shells within the 
beach deposits (not included in Table 1) were beyond 
radiocarbon dating limits and the shells may be reworked 
(e.g., from the Pleistocene marine terraces). The available 
evidence is thus equivocal for long-term uplift or 
subsidence of the Plain. 
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Table 1: Holocene terrace and drillhole radiocarbon ages. All samples were dated at Rafter Radiocarbon Lab. 

NZ no. 
 

Sample 
type 

Reported 
CRA (yr BP) 

Updated 
CRA (yr BP)1 

Age  
(Cal. yr BP)2 

Sample height 
(m amsl) Terrace 

Data 
source 

7802 Shell 1065 ± 34 1027 ± 36 660-530 3.6 Highest (Ms1) 1 

7803 Shell 772 ± 34 733 ± 35 460-290 3.0 Lowest (Ms2) 1 

A 62521 Shell 585 ± 26  290-130 2.93 Lowest (C4) 2 

A 62522 Shell 586 ± 26  290-130 2.63 Lowest (C4) 2 

A 1339 Shell 1780 ± 150 1780 ± 217 1830-890 6.0 Third highest (C2) 1 

A 1340 Shell 1120 ± 64 1120 ± 170 1040-410 5.5 Second highest (C3) 1 

A 1341 Shell 636 ± 54 636 ± 166 500-0 3.0 Lowest (C4) 1 

A 1338 Shell 1400 ± 67 1400 ± 171 1280-640 5.5 Third highest (C2) 1 

A 1342 Shell 622 ± 70 622 ± 172 500-0 3.0 Single  1 

A 1192 Shell 686 ± 74 686 ± 177 560-0 6.0 Lowest 1 

7796 Wood 7430 ± 50 7421 ± 58 8000-7740 c. 1 Valley infill 1 

7797 Shell 639 ± 60 626 ± 54 420-140 5.4 Lowest (M4) 1 

A 1331 Shell 3710 ± 120 3709 ± 200 4180-3130 8.0 Second highest (WH3) 1 

A 1332 Shell 1424 ± 93 1424 ± 186 1330-630 4.5 Lowest (WH4) 1 

A 1333 Shell 1295 ± 87 1295 ± 183 1210-540 7.5  1 

A 1334 Shell 521 ± 86 521 ± 182 450-0 4.0  1 

7800 Wood 180 ± 60  280-0 4.2 Lowest (P7) 1 

A 1335 Shell 626 ± 58 627 ± 168 500-0 3.0 Lowest (P7) 1 

A 1336 Shell 547 ± 68 547 ± 171 460-0 4.0 Lowest (P7) 1 

7801 Shell 1230 ± 30 1225 ± 30 870-680 4.5 Third highest (W1) 1 

A 1337 Shell 1034 ± 66 1034 ± 171 920-310 3.5 Lowest (W3) 1 

6890 Wood 1705 ± 65  1720-1410 -13.0 Hawthorne Road drillhole 1 

6472 Shell 535 ± 43 871 ± 40 550-420 1.9 Second highest (C) 3 

6307 Shell 1315 ± 65 1651 ± 58 1310-1060 1.3 Below second highest (C) 3 

6744 Shell 1340 ± 35 1676 ± 29 1290-1170 2.1 Third highest (D) 3 

6765 Shell 1595 ± 40 1932 ± 34 1570-1370 2.9 Fourth highest (E) 3 

6779 Shell 3020 ± 40 3354 ± 27 3540-3360 3.1 
Foreshore inland of 
fourth highest (E) 3 

1926 Peat 300 ± 60  490-140 0.5 Lowest 4 

3154 Peat 150 ± 50  280-0  Lowest 4 

7785 Shell 1030 ± 60 1029 ± 57 680-510 6.0 Single  1 

A 1074 Shell 1670 ± 71 1670 ± 173 1600-860 4.3 Sea cave 1 

1928 Shell 290 ± 40 598 ± 40 330-90 0.5 Lowest 4 

1927 Wood 160 ± 60   280-0 1.0 Lowest 4 

7784 Shell 726 ± 47 726 ± 54 470-270 3.0 Second highest 1 

A 1073 Shell 1486 ± 60 1486 ± 168 1340-690 1.5 Lowest 1 

7783 Shell 1476 ± 36 1445 ± 37 1090-900 4.0 Third highest 1 

A 1171 Charcoal 537 ± 64  640-330 5.8 Third highest? 1 
1 Recalculated relative to the OxI standard as per Stuiver and Polach (1977). 
2 Shell ages were calibrated using MARINE13 (Reimer et al., 2013) and the closest available (Turakirae Head, Wellington) 

regional delta R of 3 ± 14 years (McSaveney et al., 2006). Wood and peat ages were calibrated using SHCAL13 (Hogg et al., 
2013). All are quoted with 2σ uncertainties. 

3 Pre-earthquake height, calculated by removing 0.5 m of Kaikōura Earthquake uplift, for comparison purposes. 
4 1 Miyauchi et al. (unpubl)., 2 Litchfield and Clark (unpubl.), 3 McFadgen (1987), 4 Duckmanton (1974).  
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Table 1: Holocene terrace and drillhole radiocarbon ages. All samples were dated at Rafter Radiocarbon Lab. 

NZ no. 
 

Sample 
type 

Reported 
CRA (yr BP) 

Updated 
CRA (yr BP)1 

Age  
(Cal. yr BP)2 

Sample height 
(m amsl) Terrace 

Data 
source 

7802 Shell 1065 ± 34 1027 ± 36 660-530 3.6 Highest (Ms1) 1 

7803 Shell 772 ± 34 733 ± 35 460-290 3.0 Lowest (Ms2) 1 

A 62521 Shell 585 ± 26  290-130 2.93 Lowest (C4) 2 

A 62522 Shell 586 ± 26  290-130 2.63 Lowest (C4) 2 

A 1339 Shell 1780 ± 150 1780 ± 217 1830-890 6.0 Third highest (C2) 1 

A 1340 Shell 1120 ± 64 1120 ± 170 1040-410 5.5 Second highest (C3) 1 

A 1341 Shell 636 ± 54 636 ± 166 500-0 3.0 Lowest (C4) 1 

A 1338 Shell 1400 ± 67 1400 ± 171 1280-640 5.5 Third highest (C2) 1 

A 1342 Shell 622 ± 70 622 ± 172 500-0 3.0 Single  1 

A 1192 Shell 686 ± 74 686 ± 177 560-0 6.0 Lowest 1 

7796 Wood 7430 ± 50 7421 ± 58 8000-7740 c. 1 Valley infill 1 

7797 Shell 639 ± 60 626 ± 54 420-140 5.4 Lowest (M4) 1 

A 1331 Shell 3710 ± 120 3709 ± 200 4180-3130 8.0 Second highest (WH3) 1 

A 1332 Shell 1424 ± 93 1424 ± 186 1330-630 4.5 Lowest (WH4) 1 

A 1333 Shell 1295 ± 87 1295 ± 183 1210-540 7.5  1 

A 1334 Shell 521 ± 86 521 ± 182 450-0 4.0  1 

7800 Wood 180 ± 60  280-0 4.2 Lowest (P7) 1 

A 1335 Shell 626 ± 58 627 ± 168 500-0 3.0 Lowest (P7) 1 

A 1336 Shell 547 ± 68 547 ± 171 460-0 4.0 Lowest (P7) 1 

7801 Shell 1230 ± 30 1225 ± 30 870-680 4.5 Third highest (W1) 1 

A 1337 Shell 1034 ± 66 1034 ± 171 920-310 3.5 Lowest (W3) 1 

6890 Wood 1705 ± 65  1720-1410 -13.0 Hawthorne Road drillhole 1 

6472 Shell 535 ± 43 871 ± 40 550-420 1.9 Second highest (C) 3 

6307 Shell 1315 ± 65 1651 ± 58 1310-1060 1.3 Below second highest (C) 3 

6744 Shell 1340 ± 35 1676 ± 29 1290-1170 2.1 Third highest (D) 3 

6765 Shell 1595 ± 40 1932 ± 34 1570-1370 2.9 Fourth highest (E) 3 

6779 Shell 3020 ± 40 3354 ± 27 3540-3360 3.1 
Foreshore inland of 
fourth highest (E) 3 

1926 Peat 300 ± 60  490-140 0.5 Lowest 4 

3154 Peat 150 ± 50  280-0  Lowest 4 

7785 Shell 1030 ± 60 1029 ± 57 680-510 6.0 Single  1 

A 1074 Shell 1670 ± 71 1670 ± 173 1600-860 4.3 Sea cave 1 

1928 Shell 290 ± 40 598 ± 40 330-90 0.5 Lowest 4 

1927 Wood 160 ± 60   280-0 1.0 Lowest 4 

7784 Shell 726 ± 47 726 ± 54 470-270 3.0 Second highest 1 

A 1073 Shell 1486 ± 60 1486 ± 168 1340-690 1.5 Lowest 1 

7783 Shell 1476 ± 36 1445 ± 37 1090-900 4.0 Third highest 1 

A 1171 Charcoal 537 ± 64  640-330 5.8 Third highest? 1 
1 Recalculated relative to the OxI standard as per Stuiver and Polach (1977). 
2 Shell ages were calibrated using MARINE13 (Reimer et al., 2013) and the closest available (Turakirae Head, Wellington) 

regional delta R of 3 ± 14 years (McSaveney et al., 2006). Wood and peat ages were calibrated using SHCAL13 (Hogg et al., 
2013). All are quoted with 2σ uncertainties. 

3 Pre-earthquake height, calculated by removing 0.5 m of Kaikōura Earthquake uplift, for comparison purposes. 
4 1 Miyauchi et al. (unpubl)., 2 Litchfield and Clark (unpubl.), 3 McFadgen (1987), 4 Duckmanton (1974).  
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Kaikōura Peninsula 
At least four Holocene marine terraces have been mapped 
at Kaikōura Peninsula, at heights ranging from ~6 to 0.5 m 
amsl. The ages do not match particularly well between 
sites, but the youngest terrace is generally <500 cal. yr BP. 
The ages may suggest four uplift events in the last 1570 or 
3540 years. 
 
DISCUSSSION AND CONCLUSIONS 
 
Paleo and coseismic deformation comparison 
The distribution of Holocene marine terraces coincides 
with some areas of coastal uplift during the Kaikōura 
Earthquake (areas 1-3 on Figure 1). However, the majority 
of the coastline between the Papatea Fault and the 
Kekerengu Fault underwent coseismic subsidence in 2016, 
whereas the presence of up to seven emergent terraces 
suggests long-term uplift. This may suggest an additional 
uplift mechanism for the coast between the Kekerengu and 
Papatea faults, such as the submarine portion of the Hope 
Fault, or possibly the Hikurangi subduction interface. The 
Kaikoura Plain was uplifted up to 1 m in the Kaikoura 
Earthquake, whereas the evidence for long-term 
deformation is equivocal. It is possible the plain is a hinge 
zone between the uplift of the Kaikoura Peninsula and the 
downthrown side of the Hope Fault. 
 
Terrace ages and paleoearthquakes 
With the notable exception of Wharanui, the ages of the 
terraces in area 1 broadly match the timing of the three 
most recent events on the Kekerengu Fault (Little et al., 
2017 - this volume). This is best shown by the two new 
(2017, AMS) ages for the lowest terrace at Cape Campbell 
(290-130 cal. yr BP), which closely matches the timing of 
the most recent event on the Kekerengu Fault (250-110 cal. 
yr BP). If all these events are coincident, then this suggests 
that the Kekerengu and Needles faults generally rupture 
together, and may in fact be a single fault. 
 
As noted earlier, the Waipapa Bay terrace ages appear to 
be different from the ages elsewhere. This may support 
them being the result of previous Papatea Fault 
earthquakes, which are currently undated. 
 
The uplift of Kaikōura Peninsula in the Kaikōura Earthquake 
is inferred to be from a blind shallow-dipping fault with a 
tip southeast of the Peninsula (Clark et al., 2017). This 
interpretation is consistent with the northwest-tilt of the 
Pleistocene marine terraces and the Kaikōura Peninsula 
Fault inferred by Barrell (2015). If this is the sole cause of 
the long-term uplift, then the relatively young Holocene 
terrace ages may constrain the most recent 
paleoearthquake ages for that fault. 
 
Future work 
There is only one radiocarbon age from the majority of the 
Holocene marine terraces and most have broad 
uncertainties. Higher resolution dating is therefore a 
priority. The delta R value used (3 ± 14 years) to calibrate 
the radiocarbon ages is from the southern North Island, 
and a local value should be obtained. Further analysis 

should also be undertaken on the well-logs from the 
Kaikōura Plain to resolve any long-term deformation. 
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Abstract: We excavated three trenches across the Kekerengu fault 10 months prior to those trenches being offset in the Mw 7.8 
Kaikoura earthquake. Paleoearthquakes occurred at 249-108, 528-356, and 1249-903, cal yrs. B.P. Our data indicate a mean 
recurrence interval (RI) for the Kekerengu fault of 376 ± 32 yrs (1σ). This is within error of that of the Hope fault; moreover, using 
the ~9 m single-event displacement (SED) for the Kekerengu fault at the trench sites in 2016, and assuming a CoV of 0.5 to this 
estimate of SED at a point, our RI implies a dextral slip-rate of 24 ± 12 mm/yr (1σ), which overlaps with the Hope fault. Our data 
supports the hypothesis that slip on the Hope fault is mostly transferred northward onto the Jordan-Kekerengu-Needles fault to 
reach within 60 km of Wellington, rather than extending ENE along the offshore Hope fault. Since AD 1855, the Kekerengu and 
Wairarapa faults have ruptured >200 km of plate boundary with unusually large surface slips.  
 
Key words: 2016 Kaikoura Earthquake, Kekerengu Fault, Paleoseismology 
 
 
INTRODUCTION 
 
The November 2016, Mw 7.8 Kaikoura earthquake 
ruptured many faults within a ~180 km long, NE-SW 
trending swath in NE South Island, New Zealand 
(Hamling et al., 2017, Kaiser et al., 2017, Litchfield et al., 
in review). In contrast to the complexity that 
characterized ruptures to the south, to the north of the 
Hope fault, the Kekerengu fault—together with its SW 
extensions the Jordan Thrust, Upper Kowhai fault and 
Manakau fault, and its NE offshore extension, the 
Needles fault—broke as a single, nearly continuous 
dextral-slip fault over a distance of ~90 km (Fig. 1). 
Displacements of >8 m were widespread, and locally slip 
reached nearly 12 m—the latter being one of the largest 
known surface displacements measured globally 
(Kearse et al., this volume). 
 
Our goal was to extend the record of seismic activity on 
the Kekerengu fault into the past. Measuring the tempo 
of major earthquakes on the Kekerengu fault would 
contribute to our understanding of the role of this fault 
in accommodating Pacific-Australia plate motion 
through central New Zealand. The Kekerengu fault is 
part of the Marlborough Fault System (MFS), a zone of 
active dextral-slip faulting that transfers Pacific-
Australia plate motion between the Hikurangi 
subduction zone to the NE, and the Alpine fault to the 
SW (Figs. 1 and 2). Near Cook Strait between the North 
and South Islands of New Zealand, plate motion (Pacific 
relative to Australia) is ~40 mm/yr and trends WSW. 
Most slip on the Alpine fault is known to transfer 
northeastwards onto the Hope fault. Earthquakes on 
the Hope fault are known to occur at an average 
recurrence of 180 - 300 years (Langridge et al., 2003; 
Khajavi, 2016). The locus of plate motion beyond the 
onland Hope fault is less certain. Does slip extend ENE 
and offshore along the continuation of the Hope fault, 

eventually to link with the Hikurangi margin? Or does 
slip step NE onto the Jordan and Kekerengu faults on 
the eastern flank of the Seaward Kaikoura Ranges 
before heading offshore farther north in Cook Strait? If 
the first scenario is correct, the pace of earthquake 
activity on the Kekerengu fault is predicted to be slow; 
if the second is correct, it should be fast (approximately 
on par with the Hope fault). 
 

 
Figure 1: Location of the Kekerengu, Needles, Jordan, and Papatea 
faults in relation to other ruptures during the 16 November, 2016, 
Mw 7.8 Kaikoura earthquake (bold traces) and to other historic 
earthquakes, (after Barnes et al., 2008; Litchfield et al., in review). 
 
TRENCHING RESULTS 
 
Three fault trenches were excavated across prominent, 
topographically expressed traces of the Kekerengu fault 
on grass-covered hills near its intersection with its 
southern splay, the Heaver’s Creek fault (Fig. 2). The 
eastern part of the Kekerengu fault is marked as a linear 
fault furrow that contains a string of small pull-apart 
basins. The basins are bounded by oblique-normal faults 



8TH INTERNATIONAL PATA DAYS 2017                           PROGRAMME249

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
 

Late Holocene Surface Ruptures Inferred for the Kekerengu fault, New Zealand 
 

Little, Tim (1), Van Dissen, Russ (2), Kearse, Jesse (1), Norton, Kevin (1), Benson, Adrian (1), Wang, Ningsheng (1) 
 

(1)    School of Geography, Environment & Earth Sciences, Victoria University of Wellington, P.O. Box 600, Wellington, New Zealand. 
Timothy.little@vuw.ac.nz. 
(2)    Active Landscapes Group, GNS Science, P.O. Box 30368, Lower Hutt, New Zealand 
 
 
Abstract: We excavated three trenches across the Kekerengu fault 10 months prior to those trenches being offset in the Mw 7.8 
Kaikoura earthquake. Paleoearthquakes occurred at 249-108, 528-356, and 1249-903, cal yrs. B.P. Our data indicate a mean 
recurrence interval (RI) for the Kekerengu fault of 376 ± 32 yrs (1σ). This is within error of that of the Hope fault; moreover, using 
the ~9 m single-event displacement (SED) for the Kekerengu fault at the trench sites in 2016, and assuming a CoV of 0.5 to this 
estimate of SED at a point, our RI implies a dextral slip-rate of 24 ± 12 mm/yr (1σ), which overlaps with the Hope fault. Our data 
supports the hypothesis that slip on the Hope fault is mostly transferred northward onto the Jordan-Kekerengu-Needles fault to 
reach within 60 km of Wellington, rather than extending ENE along the offshore Hope fault. Since AD 1855, the Kekerengu and 
Wairarapa faults have ruptured >200 km of plate boundary with unusually large surface slips.  
 
Key words: 2016 Kaikoura Earthquake, Kekerengu Fault, Paleoseismology 
 
 
INTRODUCTION 
 
The November 2016, Mw 7.8 Kaikoura earthquake 
ruptured many faults within a ~180 km long, NE-SW 
trending swath in NE South Island, New Zealand 
(Hamling et al., 2017, Kaiser et al., 2017, Litchfield et al., 
in review). In contrast to the complexity that 
characterized ruptures to the south, to the north of the 
Hope fault, the Kekerengu fault—together with its SW 
extensions the Jordan Thrust, Upper Kowhai fault and 
Manakau fault, and its NE offshore extension, the 
Needles fault—broke as a single, nearly continuous 
dextral-slip fault over a distance of ~90 km (Fig. 1). 
Displacements of >8 m were widespread, and locally slip 
reached nearly 12 m—the latter being one of the largest 
known surface displacements measured globally 
(Kearse et al., this volume). 
 
Our goal was to extend the record of seismic activity on 
the Kekerengu fault into the past. Measuring the tempo 
of major earthquakes on the Kekerengu fault would 
contribute to our understanding of the role of this fault 
in accommodating Pacific-Australia plate motion 
through central New Zealand. The Kekerengu fault is 
part of the Marlborough Fault System (MFS), a zone of 
active dextral-slip faulting that transfers Pacific-
Australia plate motion between the Hikurangi 
subduction zone to the NE, and the Alpine fault to the 
SW (Figs. 1 and 2). Near Cook Strait between the North 
and South Islands of New Zealand, plate motion (Pacific 
relative to Australia) is ~40 mm/yr and trends WSW. 
Most slip on the Alpine fault is known to transfer 
northeastwards onto the Hope fault. Earthquakes on 
the Hope fault are known to occur at an average 
recurrence of 180 - 300 years (Langridge et al., 2003; 
Khajavi, 2016). The locus of plate motion beyond the 
onland Hope fault is less certain. Does slip extend ENE 
and offshore along the continuation of the Hope fault, 

eventually to link with the Hikurangi margin? Or does 
slip step NE onto the Jordan and Kekerengu faults on 
the eastern flank of the Seaward Kaikoura Ranges 
before heading offshore farther north in Cook Strait? If 
the first scenario is correct, the pace of earthquake 
activity on the Kekerengu fault is predicted to be slow; 
if the second is correct, it should be fast (approximately 
on par with the Hope fault). 
 

 
Figure 1: Location of the Kekerengu, Needles, Jordan, and Papatea 
faults in relation to other ruptures during the 16 November, 2016, 
Mw 7.8 Kaikoura earthquake (bold traces) and to other historic 
earthquakes, (after Barnes et al., 2008; Litchfield et al., in review). 
 
TRENCHING RESULTS 
 
Three fault trenches were excavated across prominent, 
topographically expressed traces of the Kekerengu fault 
on grass-covered hills near its intersection with its 
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basins. The basins are bounded by oblique-normal faults 

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

on one or both sides. Trench 1 was excavated 
perpendicular to a 2-3 m-deep furrow enclosing a 
swampy depression. After it had been backfilled and ten 
months after its excavation, the trench was ruptured by 
the 2016 earthquake and displaced dextrally by ~9 m 
across a prominent moletrack (Fig. 3). Trench 2 was 
excavated across a similar furrow about 800 m along 
strike to the SW of Trench 1, but this fault strand did not 
rupture during the 2016 earthquake. Trench 3 was 
located about 40 m upslope and to the north of Trench 2 
along a trace that did rupture in 2016. Because of length 
limits for this abstract, we here discuss logged 
relationships of a part of only Trench 1 (Fig. 4). 
 

 
Figure 2: a) Map of active fault traces near the trenches. See Fig. 
1 for location. Coordinates (in meters) are in New Zealand Map 
Grid. b and c) RTK-GPS derived topographic maps of trench sites 
1, 2 and 3. Contour interval 50 cm.  
 

 
 
Figure 3: Drone photograph (J. Thompson, GNS Science) of Trench 
1 on 19 November, 2016, looking SW. People on left provide a 
scale. Dextral-slip is ~9 m.  
 
The trench traversed a fault furrow (Figs. 2b, 3). Within a 
meter of the surface, several synclinal lenses of clayey silt 
or peat (units “uc”, “lp”, “mp” and “up”) are either cut by 
faults and/or have been deposited across them. Below 

them, units “g,” “o,” “m,” and “ml” consist of silty clay or 
clayey silt, and were probably largely reworked from 
loess. The lenses were deposited in a swamp or pond that 
developed in the central ~2 m of the swampy topographic 
furrow. Seven samples from this trench were submitted 
for radiocarbon analysis from the fine-grained units 
infilling the synclinal depression along the axis of the 
topographic fault furrow. The syncline becomes 
incrementally tighter down-section. Crosscutting 
relationships and radiocarbon ages record three 
deformational increments that we attribute to a 
sequence of paleoearthquakes (E1, E2 and E3) that took 
place after ~1800 cal. yrs. B.P. Deformation during each 
increment included not only slip on faults, but also 
repeated deepening of the axial syncline. During each 
earthquake, minor extension across the central fault zone 
caused the depression to gravitationally collapse, leading 
to an incremental deepening of the sag basin and to 
angular discordances developing between the layers. In 
the subsequent interseismic period, the rejuvenated sag 
basin was partially infilled with undeformed peat or silt, 
thus reducing the amplitude of the syncline upward 
towards the surface. Using Oxcal 4.2.3 (Bronk Ramsey et 
al., 2013), we modeled event ages using the seven 
radiocarbon ages, the stratigraphic order of the dated 
samples, and historical constraints (i.e., no earthquake 
post A.D. 1840), which yields estimated ages of 
earthquakes as follows: E0, Kaikoura earthquake (A.D. 
2016, -67 cal. yrs. B.P); E1, 249-108 cal. yrs. B.P.; E2, 528-
356 cal. yrs. B.P.; and E3, 1630-778, cal. yrs. B.P. Data 
from Trench 3 (not shown here) was used to narrow the 
age estimate of E3 to 1249-902 cal yrs. B.P., and to 
identify an older event (E4), which is not robustly dated. 
 

 
Figure 4. Detail of an upper part of the SW wall of Trench 1, 
showing mapped units, faults, and 14C samples and ages (displayed 
in cal. yrs. B.P. at 95% confidence). Units: “ml,” clayey silt; “o,” olive 
clay;” “g,” grey clay; “m,”silty clay;” “uc,” clayey silt;” “lp,” organic 
silt-peat; “mp,” peat; “up,” organic silt-peat; “ts,” topsoil; “cs,” 
clayey silt; “ls,” limestone breccia (intepreted as landslide deposit). 
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DISCUSSION AND CONCLUSIONS 
 
Including the 2016 earthquake, the sequence derived from 
an analysis of the data from our three trenches (Little et al., 
in review) includes at least four well-dated earthquakes in 
the past ~1200 years. On the basis of the last four events 
(three interseismic periods), we have estimated a mean 
recurrence interval for the Kekerengu fault (322-438 years 
at 95% confidence or 376 ± 32 yrs. at ±1σ). This result is 
within error of that evaluated for the Hurunui segment of 
the Hope fault (298 ± 98 years), where six well-resolved 
events have occurred since ~1600 cal. yrs. B.P. (Khajavi et 
al, 2016).  
 
The timings of the youngest three paleoearthquakes on the 
Kekerengu fault are each within error (Fig. 5) of the 
youngest three paleoearthquakes on the Hope fault 
(Hurunui and Conway segments, Khajavi et al., 2016, 
Langridge et al., 2003). For example, both the Kekerengu 
and Hope faults experienced earthquakes in the 
immediate prehistoric period at <225 cal yrs B.P. This 
apparent temporal correlation suggests either that 
earthquakes took place on the adjacent Hope and 
Kekerengu faults at intervals that were smaller than 
radiocarbon dating can resolve—perhaps as a result of 
static stress triggering; or that the two faults ruptured 
together during single earthquakes. The 2016 Kaikoura 
earthquake involved a cascade of ruptures on many faults 
over a distance of ~180 km (Kaiser et al., 2017)—thus the 
idea of coeval rupturing on these two major faults seems 
plausible, especially as they intersect one another (via the 
Jordan thrust and upper Kowhai fault). On the other hand, 
the Kekerengu fault ruptured in its entirety during the 2016 
earthquake, yet the Hope fault did not rupture on the 
surface except along a <1 km-long coastal trace that 
slipped dextrally by ~15 cm. Litchfield et al. (in review) 
argue that the 2016 earthquake cannot be “typical”, as it 
involved coeval rupturing on faults having discordant long-
term recurrence intervals; for example, ~300-400 yrs on 
Kekerengu fault, ~3100 yrs on the Hundalee fault, and 
~13000 yrs on the Humps fault.  
 
The similar mean earthquake recurrence intervals of the 
Hope and Kekerengu faults supports the model of plate 
boundary slip in the South Island being transferred 
northward from the Hope fault predominantly onto the 
Jordan-Kekerengu-Needles fault system (Van Dissen & 
Yeats, 1991). During the 2016 earthquake, the eastern, 
near-coastal part of the Kekerengu fault near our trenches 
slipped dextrally by 9.13 ± 0.4 m (Kearse et al., this volume, 
and manuscript in review). If this magnitude of single event 
displacement (SED) is representative of the eastern section 
of the Kekerengu fault (and here we attribute a coefficient 
of variation of 0.5 to this estimate of mean single-event 
displacement at a point after Hecker et al., 2013) then our 
derived recurrence interval of 376 ± 32 yrs (1σ) for this 
section implies a slip rate of 24 ±12 mm/yr (1σ). The 
estimate is within error of a preliminary late Quaternary 
slip-rate for the Kekerengu fault determined by Van Dissen 
et al. (2016), based on the dextral offset of late Quaternary 
fluvial terraces (23 ± 3 mm/yr), and both are similar to the 

Late Quaternary slip rate on the Hope fault (Conway 
segment), which is 23 ± 4 mm/yr (1σ) (Langridge et al., 
2003, 2010). While the SED derived slip rate is speculative, 
the data support the model of predominantly northward 
slip transfer from the Hope fault onto to the Jordan-
Kekerengu-Needles fault system. 
 
Northward routing of plate boundary deformation onto 
the offshore Needles fault in Cook Strait positions an active 
fault with a short recurrence interval (RI) and large Single 
Event Displacement (SED) to within ~60 km of Wellington 
City– much closer than if most of plate boundary motion 
went offshore along the Hope fault ~100-150 km distance 
from Wellington. The current National Seismic Hazard 
Model for New Zealand (Stirling et al., 2012) focuses slip 
and earthquake hazard on the Kekerengu-Needles fault 
system, attributing fewer earthquakes and less slip to the 
offshore Hope system. So our study supports key 
assumptions that are encoded into the National Seismic 
Hazard Model for New Zealand. 
 
Another relationship highlighted by this study is the 
efficacy by which earthquakes during the last ca. 160 years 
have ruptured the plate boundary in central New Zealand 
(Fig. 1). For example, the 1855 and 2016 earthquakes 
jointly combined to generate over 300 km of surface fault 
rupture, with very large dextral displacements (up to ~18 
m on the Wairarapa fault in 1855, and up to ~12 m on the 
Kekerengu fault in 2016). The Wairarapa and Kekerengu 
ruptures are, respectively, the largest, and one of the top-
several largest earthquake surface displacements thus far 
recognized globally. Rodgers & Little (2006) argued that 
the large displacement (and especially the large 
displacement to length ratio) of the Wairarapa fault 
rupture reflects its unusually large down-dip extent and 
low aspect ratio, such that the rupture may have 
reached—and perhaps co-ruptured with—the subduction 
interface in 1855. Similarly, Hamling et al.’s (2017), elastic 
dislocation modeling of coseismic deformation in the 2016 
earthquake requires the rupture of the Kekerengu fault to 
have slipped dextrally by up to ~20 m, and to have 
extended down to at least ~25 km depth. The combined 
Wairarapa and Kekerengu-Needles faults thus 
accommodate a large fraction of plate boundary slip 
traversing Cook Strait.  
 
Finally, the penultimate earthquake on the Kekerengu fault 
(E1) preceded the 1855 earthquake on the Wairarapa fault 
by <144 years and perhaps by only a few decades (Fig. 5). 
Similarly, Event E3 on the Kekerengu fault, at 1249-903 cal. 
yrs. B.P., probably closely predated the penultimate 
earthquake on the Wairarapa fault at 920–800 cal. yrs. B.P. 
(Little et al., 2009). These relationships suggest possible 
stress triggering between the Kekerengu-Needles and 
Wairarapa faults, which are separated by <50 km across 
Cook Strait and occur along-strike of one another (Fig. 1).  
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DISCUSSION AND CONCLUSIONS 
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Figure 5: Space-time plot of late Holocene earthquake 
ruptures inferred from historic and paleoseismic data on 
selected sections of the Hope fault (compilation of 
Langridge et al., 2013, also Khajavi et al., 2016); the 
Kekerengu fault (Little et al., in review); and the Wairarapa 
Fault (Little et al., 2009).  
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Abstract: The assessment of potential for surface faulting (i.e., Fault Displacement Hazard Assessment – FDHA) has gained an 
increasing interest in recent years due to recent strong earthquakes that caused widespread and well-documented surface 
rupture. Near-surface geology (i.e., lithology; sub-cropping bedrock versus a thick cover of quaternary sediments) has obviously 
a significant control in promoting or inhibiting surface faulting, as also observed during some well- documented earthquake 
ruptures (i.e., the 2016 Mw 7.2 El-Mayor eq.; the 2016 Mw 6 South Napa event, and the 2016 - 2017 Mw 5.9- 6.6 Central Italy 
seismic sequence). Fault differential behaviour is expressed in kinematic models (e.g., trishear model) as “Propagation/Slip 
Ratio” (P/S) which is considered as the amount of upward propagation of the fault tip per unit of slip. Here, we show some 
preliminary results on the kinematic inverse modelling of a fault propagation fold at Monte Netto hill (Capriano del Colle, BS, 
Northern Italy). At this site, we demonstrate that shallow stratigraphy can significantly change the potential of surface faulting 
from an upward propagating fault. In the upper ca. 50 m, the studied structure affects fluvial pre-growth strata and a sequence 
of fluvial and aeolian syn-growth sediments. Trishear kinematic restoration of the main fault plane and associated fold allows 
to perform a grid search over the parameters regulating fault growth and propagation. Our preliminary results indicate a two-
stage growth history characterized by variable P/S values, slowing down from 7 to ca. 3. Stratigraphic data (i.e., several deep 
and shallower boreholes) show that a ca. 50 m-thick sequence of channel facies alluvial deposits is present beneath the section, 
overlaid by a fine-grained overbank sequence. We interpret the higher P/S value (i.e., 7) as due to the presence of the underlying 
clast-supported sediments. These promoted brittle fracturing rather than plastic and distributed deformation. 
 
Key words: surface faulting; trishear kinematic modelling; FDHA 
 
 
INTRODUCTION 
 
The assessment of potential for surface faulting (i.e., 
Fault Displacement Hazard Assessment – FDHA) has 
gained an increasing interest in recent years due to 
recent strong earthquakes that caused widespread and 
well-documented primary and secondary rupture of the 
ground surface (e.g., the 2010 Mw 7.2 Baja California 
eq.,; the 2010 Mw 7.1 Darfield and the 2016 Mw 7.8 
Kaikoura earthquakes in New Zealand, the 2014 Mw 6 
South Napa eq.,; the 2016 Mw 7 Kumamoto earthquakes 
in Japan; and the 2016 Mw 5.9 - 6.6 Central Italy 
earthquake sequence, Fletcher and Spelz, 2009; Elliott 
et al., 2012; Floyd et al., 2016; Shirahama et al 2016; 
Livio et al. 2016; Pucci et al. 2016 Quigley et al 2016; 
Hamling et al. 2017;). 
 
Present models of FDHA (e.g., ANSI/ANS-2.30, 2015) 
consider the probability of ground rupture and the 
amount of expected average slip as primarily controlled 
by the maximum expected magnitude and, in the case 
of distributed faulting, as a function of the distance 
from the primary fault. Nevertheless, we indicate that 
other parameters controlling the potential for surface 
faulting should be considered. 
 
As mentioned in previous studies (Teran et al. 2015; 
Floyd et al. 2016; Livio et al., 2016), near-surface 
geology (i.e., lithology; overburden thickness; fluid 

saturation of sediments) has a significant control on 
promoting or inhibiting surface faulting. Appropriate 
modelling and weighting of these parameters could 
significantly enhance the prediction power of the 
present FDHA models. 
 
Trishear kinematic models depend solely on an area 
balancing assumption, although they resume well the 
geometries predicted by more complicated mechanical 
models (Cardozo et al. 2003). Kinematic models have 
the significant advantage of not implying the 
characteristics of the faulted rocks/sediments. such a 
complex interaction of geotechnical and rheological 
parameters is synthetically expressed in trishear 
deformation as “Propagation/Slip Ratio” (P/S) which is 
considered as the amount of upward propagation of the 
fault tip per unit of slip (Williams and Chapman, 1983). 
This is the most effective parameter in controlling the 
final fold geometry predicted by trishear models 
(Allmendinger & Shaw, 2000). For example, at lower 
P/S, larger strain cumulates in the triangular zone in 
front of the propagating fault, which results in a tighter 
fold. 
 
Here, we show some preliminary results on the trishear 
inverse modelling of a break-through fault propagation 
fold, where it appears that the local stratigraphy plays a 
major role in promoting or inhibiting upward fault tip 
propagation.
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The assessment of potential for surface faulting (i.e., 
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consider the probability of ground rupture and the 
amount of expected average slip as primarily controlled 
by the maximum expected magnitude and, in the case 
of distributed faulting, as a function of the distance 
from the primary fault. Nevertheless, we indicate that 
other parameters controlling the potential for surface 
faulting should be considered. 
 
As mentioned in previous studies (Teran et al. 2015; 
Floyd et al. 2016; Livio et al., 2016), near-surface 
geology (i.e., lithology; overburden thickness; fluid 

saturation of sediments) has a significant control on 
promoting or inhibiting surface faulting. Appropriate 
modelling and weighting of these parameters could 
significantly enhance the prediction power of the 
present FDHA models. 
 
Trishear kinematic models depend solely on an area 
balancing assumption, although they resume well the 
geometries predicted by more complicated mechanical 
models (Cardozo et al. 2003). Kinematic models have 
the significant advantage of not implying the 
characteristics of the faulted rocks/sediments. such a 
complex interaction of geotechnical and rheological 
parameters is synthetically expressed in trishear 
deformation as “Propagation/Slip Ratio” (P/S) which is 
considered as the amount of upward propagation of the 
fault tip per unit of slip (Williams and Chapman, 1983). 
This is the most effective parameter in controlling the 
final fold geometry predicted by trishear models 
(Allmendinger & Shaw, 2000). For example, at lower 
P/S, larger strain cumulates in the triangular zone in 
front of the propagating fault, which results in a tighter 
fold. 
 
Here, we show some preliminary results on the trishear 
inverse modelling of a break-through fault propagation 
fold, where it appears that the local stratigraphy plays a 
major role in promoting or inhibiting upward fault tip 
propagation.

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
Figure 1: a) structural setting of the study area: a, shows the location of the study site on the Capriano del Colle backthrust (CCB)within the southern 
alps buried thrusts belt; b) detailed geological cross-section across the Monte Netto hill with borehole data. 
 
STUDY SITE 
 
Monte Netto hill, Italy, is located at the northern margin of 
the Po Plain foredeep, along an array of E-W trending thin-
skinned blind thrusts (Fig. 1). Study site is located on top of 
a small isolated hill, at the structural culmination of CCB 
anticline: a north-verging fault-propagation fold (Fig. 1).
Late Pleistocene to Holocene surface folding and faulting 
at meter-scale has been described in quarry area (Livio et 
al. 2009; 2014). In 2016, new excavations exposed a thrust 
fault zone, confirming previous interpretations and 

offering the opportunity to investigate fault geometry and 
characteristics. The ca. 6 m-wide fault zone, cutting 
through a fluvial and overlying syn-growth loess-paleosol 
sequence, is composed by tens of discrete closely spaced 
reverse and thrust fault traces, striking ca. 290о (Fig. 2). 
Kinematic indicators point to a pure dip-slip thrust. 
 
The fault has already been mapped as active (e.g., 
ITHACA, https://goo.gl/fHFvwJ and DISS 3.2.0 
http://diss.rm.ingv.it/diss/).  
 

 
 

 
Figure 1: Analysed section outcropping in the Monte Netto quarry area. PGS, pre-growth strata; GS1 to 5: growth strata. 
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There is no clear earthquake record on the fault. 
However, the site lies in the epicentral area of the 
destructive Dec. 25, 1222 earthquake (I0 IX MCS; 
Guidoboni and Comastri, 2005). 
 
RESULTS AND DISCUSSION 
 
Trishear kinematic restoration of the break-through 
thrust according to a trishear model (Erslev, 1991) 
allowed to perform a grid search over the parameters 
regulating fault growth and propagation (i.e., fault slip, 
trishear angle, ramp angle, tip line position and P/S). We 
chose the most appropriate combination of parameters 
as that restoring a reference horizon to an original 
horizontal position and minimizing a statistical fitness 
score (chi-squared value). The restoration of the model 
was done according to best fit results. However, precise 
unfolding the anticline resulted in poor restoration of 
fault cutoffs. Conversely, precise retrodeformation of 
fault cutoffs obtained by lowering the P/S value, 
produced undesirable fold restoration (Fig. 3). Our results 
suggest that the total slip of 13 m was cumulated through 
a two-stage evolution;the fault propagated faster (P/S = 
7) through deeper stratigraphic units and slower through 
shallower stratigraphic units (P/S ca. 3). 
 

Stratigraphic data collected from a set of deep and 
shallow boreholes (fig. 1) show a 50 m-thick sequence 
of channel facies alluvial deposits overlaid by clay-rich 
silts and sands beneath the study site. We thus interpret 
that the modelled switch in the P/S value during fault 
growth is primarily due to shallow lithological variations 
beneath the site. Clast-supported channel sediments 
promoted brittle fracturing rather than plastic and 
distributed deformation. Vertical and lateral changes of 
lithological units would thus result in derived changes in 
the potential for surface faulting across the same fault. 
Our results provide new insights into fault displacement 
hazard assessment. 
 
Moreover, these results have significant implications in 
paleoseismic investigations which are mainly based on 
the analysis of the on-fault displacements at the ground 
surface. Slow propagating faults can accommodate 
distributed deformation at surface rather than discrete 
faulting. Therefore, it is possible that we miss some 
paleoevents if careful analysis of horizon’s geometry is 
lacking during paleoseismological trenching. To better 
assess the fault related hazards, an integrated approach 
is recommended including high resolution topographic 
surveys (e.g., terrestrial and airborne LiDAR, close-range 
photogrammetry, and total station topographic data). 

 
 
 
 

 
Figure 3: a) schematic restoration through trishear kinematic modeling: note the fault strand, in red and the associated trishear triangle at the fault 
tip; b) retrodeformation using the parameters obtained through the inverse grid search approach: fault cutoff has not been appropriately restored; 
c) retrodeformation obtained using the P/S value measured at outcrop (i.e., ca. 3): fold is not appropriately restored. 
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Abstract: The November 14th MW 7.8 Kaikoura Earthquake ruptured a complex array of faults in the South Island of New 
Zealand. We use high resolution stereo and tri-stereo optical satellite data, medium resolution satellite imagery and aerial 
photomosaics to directly construct a 3D displacement field for the earthquake without many of the biases/ambiguities of InSAR. 
Complementing the space-based photogrammetric DEMs, we collected photographs for structure-from-motion DEMs in a 
narrow corridor along three of the primary surface traces. Such high-resolution surveys provide independent constraints on 
surface slip at a variety of scales. Our multi-resolution approach demonstrates the utility of optical imaging, photogrammetry, 
and image and elevation model correlation, to rapidly document surface deformation at a broad range of scales following a 
large earthquake. We use our derived displacement field to investigate the link between earthquakes, the tectonic setting and 
the long-term evolution of the landscape. 
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INTRODUCTION 
 
On November 14th the South Island of New Zealand was 
struck by a MW 7.8 earthquake causing extensive 
damage throughout the Kaikoura, Marlborough, 
Hurunui and Wellington districts. InSAR, GPS and 
seismological data suggest a complicated, multi-
segment rupture through a large array of faults, most 
but not all previously mapped as active [Hamling et al., 
2017; Hollingsworth et al., 2017; Kaiser et al., 2017]. 
This earthquake therefore joins a suite of earthquakes 
in recent years which have ruptured complex series of 
linked faults, previously unanticipated in seismic hazard 
models [ e.g. Wei et al., 2011; Elliott et al., 2012]. 
 
The 2016 Kaikoura earthquake presents an opportunity to 
study the interaction between fault segments in a dense 
network of faults. The variety of styles of faulting observed 
in the earthquake also presents difficulties in linking the 
behaviour of faults in individual earthquakes to long-term 
fault displacements and mountain building. 
 
InSAR data provides precise constraints on the far field 
displacement for the Kaikoura earthquake, but the 
majority of the near-field region decorrelates due to very 
steep displacement gradients and ground damage 
[Hamling et al., 2017]. ALOS2 L-band interferograms 
maintain coherence over the southern faults (South of 
Kaikoura), but loose coherence to the north. Sentinel 1 C-
band interferograms are incoherent through the majority 
of the near field, region. Offset tracking by amplitude cross 
correlation of the SAR images can be used to partially 
complete the displacement map, but the resolution is 
much diminished, especially in the along-track (azimuth) 
direction. Thus it can only provide good constraint on the 
range-component of motion (i.e. in the  

 
Figure 1: Epicentral region of the 2016 Kaikoura earthquake. Black 
lines show the NZ active fault database [Langridge et al., 2016], 
while red shows the mapped surface ruptures. The blue polygon 
indicates the extents of the Pleiades dataset. Focal mechanism 
(GCMT, Ekström et al., 2012) for the mainshock and largest 
aftershock are shown in red, and the mechanisms for the Cook 
Straight/Seddon Earthquake sequence are shown in grey. Fault 
labels: KK – Kekerengu Fault, PPT – Papatea Fault, NF – Needles 
Fault, HD – Hundalee Fault, HU - Humps Fault. 
 
satellite line-of-sight). In addition to SAR, cross-correlation 
of Landsat 8 optical imagery has been used to image the 
horizontal surface displacements, but is also limited by the 
imaging resolution (15 m), such that the smallest 
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satellite line-of-sight). In addition to SAR, cross-correlation 
of Landsat 8 optical imagery has been used to image the 
horizontal surface displacements, but is also limited by the 
imaging resolution (15 m), such that the smallest 
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resolvable displacements are ~1m [Hollingsworth et al., 
2017]. Here, we complement previous studies with a study 
of the near-field domain using high and very high 
resolution satellite (70 cm and 2.5 m) and aerial (30 cm) 
imagery to construct a 3D displacement field. 
 
METHODS 
 
We extract a 3D displacement field for the earthquake by 
combining a variety of optical datasets to form and 
estimate independent of the SAR and InSAR datasets. The 
pre- and post-earthquake datasets are outlined in table 1. 
The primary post-earthquake dataset is 70cm resolution 
tri-stereo Pleiades data (17 overlapping tiles, outline in 
Figure 1). Prior to the earthquake, there is a 30 cm 
resolution aerial photo orthomosaic (Environment 
Canterbury & LINZ) and a series of SPOT6 stereo 
acquisitions (same footprint as the Pleiades data).  
 
The post-earthquake Pleiades data are used to generate a 
Digital Surface Model (DSM) and ortho imagery using the 
ERDAS Imagine Photogrammetry Suite, with a joint bundle 
adjustment refinement of the RPC parameters and a 
correlation window of 7 px. Similarly, the SPOT6 data are 
used to generate a pre-earthquake DSM (at a resolution of 
5 m), however these data were mostly acquired during 
winter time with deep shadows on the south facing slopes 
and poor dynamic range due to snow-capped peaks. As a 
result the pre-earthquake elevation model is poor and 
contains holes in its coverage. 
 
To generate the 3D displacement field, we use COSI-CORR 
toolbox [Leprince et al., 2007] to estimate a horizontal 
displacement field between the aerial orthomosaic and 
Pleiades orthoimagery. The large displacements (>8 m) 
relative to the image pixel size (0.7 m) necessitates using a 
large sampling window. Smaller windows resulted in poor 
signal-to-noise ratios. Using the COSI-CORR denoising 
routine (Non-local means) and median filtering we 
generate a smoothed horizontal displacement field 
preserving fault discontinuities. We then retro-deform the 
post-earthquake elevation pointcloud, re-grid it and 
difference it with the pre-earthquake elevation data to 
estimate a vertical displacement field. 
 
The displacements derived from the image-correlation and 
DSM-differencing are also compared to estimates from 
smaller-scale structure-from-motion DSMs generated at 
key field sites. The images were acquired by helicopter and 
DJI Phantom 4 pro drone and the DSMs were generated 
using the Agisoft Photoscan package. 
 
RESULTS 
 
Figure 2 shows the preliminary results for the horizontal 
displacement field and DSM differencing around the region 
of the Papatea, Kekerengu and Jordan Thrust intersection 
where large surface offsets were observed in the field and 
InSAR displacements.  

 
Figure 2: Displacement field for the northern faults. A: East-west 
displacements. B: North-south displacements. Also shown are the 
lines of the profiles in Figure 4. C: Vertical displacement field with 
a subsampled vector field showing the horizontal components 
overlaid. Colour scale is consistent for all components.  
 
The horizontal field shows a level of detail far in excess of 
what was possible in the SAR datasets – allowing us to 
directly interrogate the shortening/extensional and lateral 
components of slip on each fault. Several important 
observations can be made: The Jordan thrust, Kekerengu 
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Fault and Papatea Fault (locations in Figure 1) all show a 
negative divergence at the scales observed here (>200 m), 
both the Kekerengu and Jordan’s faults show right-lateral 
displacements up to ~10 m, while the Papatea fault shows 
left-lateral displacements of up to ~5-6 m (Figure 3). 
 
The vertical displacement field is much less well resolved 
here, primarily due to the noise and holes in the pre-
earthquake DSM. A remnant of topography due to mis-
registration is also – poorer in the regions of steeper 
topography present (failure to account fully for 
horizontal displacements leads to an apparent vertical 
difference due to the advection of the topography). The 
broad trends are visible however, with uplift of up to ~6-
10 m in the Papatea block and mild uplift in the 
hangingwall of the Kekerengu fault. 
 
Analysis of the remainder of the dataset (along faults south 
of Kaikoura) is still in progress, and further refinement of 
the vertical differencing is needed to unambiguously 
estimate the vertical displacements in regions of steep 
topography. 
 

 
Figure 3: Three profiles through the displacement field (locations 
in Figure 2). Horizontal displacements have been projected on to 
fault-parallel and fault-perpendicular components at each profile. 
A positive change with positive distance along profile indicates 
right-lateral and extensional displacements respectively. 
 
DISCUSSION 
 
In general these observations agree with our field 
observations and those of others [Stirling et al., 2017], with 
left-lateral oblique reverse displacements along the Papatea 
fault and primarily right-lateral (with minor reverse 
component) displacements along the Kekerengu fault. 

When compared to long-term landscape morphology 
however, the displacements on the Jordan’s Thrust appear 
to be opposite the sense of motion indicated on the 
mapped fault (blind-reverse, Van Dissen and Yeats, 1991). 
The optical displacement field shows extension of up to ~1-
2 m across the fault at the northern end. We also observe 
normal scarps at the surface. 
 
At the Papatea fault, we have observed vertical offset of ~8 
m, and a left lateral offset of ~4 m and shortening of <50 
cm. This implies an abnormally steep dip of >60° for a 
primarily dip-slip fault.  
 
The normal-oblique slip on the Jordan’s thrust are 
consistent with anelastic deformation in a restraining bend 
as suggested by Hamling et al., 2017. We also note that at 
least the lateral component of slip appears relatively 
distributed at the northern section of the Papatea fault; 
approximately half of the left-lateral slip is accommodated 
over a wavelength of ~3 km into the hangingwall. This 
suggests some variation of the fault geometry in the 
uppermost few km – this gradient is particularly visible in 
the N-S component (Figure 2A), and is indicative of a more 
linear fault at depth despite the relatively sinuous surface 
trace. The vertical component of the displacement needs 
further refinement in order to establish whether the 
vertical slip is also distributed.  
 
CONCLUSIONS 
 
We have estimated a 3-component surface displacement 
field for the northern faults involved in the 2016 Mw 7.8 
Kaikoura earthquake, New Zealand. In the near-field region 
the largest surface displacements are well resolved, 
showing that this technique is a useful complement to 
InSAR which is entirely decorrelated. This will be 
instrumental in resolving the kinematics of the Papatea 
fault block and slip in the uppermost crust. 
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Fault and Papatea Fault (locations in Figure 1) all show a 
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the vertical differencing is needed to unambiguously 
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Figure 3: Three profiles through the displacement field (locations 
in Figure 2). Horizontal displacements have been projected on to 
fault-parallel and fault-perpendicular components at each profile. 
A positive change with positive distance along profile indicates 
right-lateral and extensional displacements respectively. 
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Abstract: We present a new three-dimensional (3D) approach to the analysis of fault scarps using high-resolution elevation 
models. Advances in topographic measurement techniques [e.g., lidar (light detection and ranging) and photogrammetric 
techniques] have allowed extensive measurement of single earthquake and cumulative scarps to draw conclusions about along-
strike slip variation and fault slip history. The resulting slip distributions are almost always variable and noisy, but the cause is 
often unclear. We first present the results of sensitivity analysis to demonstrate significant apparent noise due to varying terrain 
and fault and measurement geometry (topographic slope attitude, fault dip and slip obliquity). We show, with a case study on 
the Hoshab fault, Pakistan, that oblique slip can have a significant effect on the measured apparent slip. 

Individual planar geomorphic markers only constrain one component of the full 3D slip vector. We use the variation in apparent 
offset with marker geometry to constrain the slip vector in 3D. Combining multiple offset measurements along strike, we show 
that determining the slip vector is reduced to a simple linear formulation. We test our method using a terrestrial lidar data set 
from the ruptures on the Borrego fault from the 2010 El Mayor–Cucapah earthquake (Baja California, Mexico). Combining 22 
observations, we estimate a throw of 1.56 ± 0.02 m and a lateral slip of 1.9 ± 0.3 m. The vertical slip estimate agrees well with 
previous studies, but the lateral slip is significantly smaller. In regions of steep varied topography or with oblique slip, our method 
will give enhanced slip resolution while standard methods will give biased estimates. 

 
This study is published (open access) at: http://geosphere.geoscienceworld.org/content/early/2017/06/20/GES01386.1 
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Abstract: Deformation in the back-arc region of Java, Indonesia forms the 200 km-long prominent topography of Kendeng fold 
and thrust belt which cuts through the heavily populated region of East-Central Java. Small-but-frequent earthquakes occur 
within proximity of this feature but the fault zone has yet to be classified as active and was not considered as a significant threat 
to the region. We identified an abandoned meander along the south-flowing Kabuh River that crosses one of the E-W trending 
folds, a few kilometers to the west of Kabuh town in East Java. The distinctly separated abandoned meander bend is located 3 
meters above the adjacent active bedrock-incised channel, suggesting recent uplift. We estimate the uplift rate that may 
reflecting slip along the fault. We mapped the extent of the abandoned meander and excavated several shallow pits to identify 
the elevation of the paleochannel bottom. We collected 19 charcoal samples from various depths of the pits for 14C analysis. 
We surveyed the topography of the site using a total station. Additionally, we acquired aerial photos using a drone and created 
a high resolution digital elevation model of the site using photogrammetry. The 14C samples yield most dates ranging from 215 
to 130BP. A sample taken from the oldest stratigraphy of the channel fill is 1680-1764 cal AD. With an elevation difference of 3 
m, the date suggests an uplift rate of at least 10 mm/yr. Our result suggests that Kendeng thrust fault is actively deforming. 
Although the deformation of Kabuh strand, as suggested by this study is relatively slow, additional other strands along this 
200km-long thrust fault may also be active and large earthquakes may occur. Further investigation along the thrust is needed 
to constrain the slip distribution along the fault and to assess the seismic hazards of the region. 
 
Key words: Kendeng fold and thrust, fluvial meander, Quaternary uplift, thrust fault, active fault 
 
 
INTRODUCTION 
 
Java is part of a volcanic arc complex in the Sunda-Banda 
subduction system. The arc consists of (landward): fore-
arc basins, active volcanic arc and back arc fold-and-
thrust belt. This configuration is especially profound in 
the central and eastern part of Java.  
 
The actively subducting Indian plate to the Eurasian 
causes an extensive deformation in Java that are 
associated with earthquakes. Although the deformation 
is evidenced in the geomorphic, geologic, and geodetic 
data (Hamilton, 1979; Koulali et al., 2014; Visser, 1922; 
Whichmann, 1918; De Genevraye and Samuel, 1972), 
there are only few studies that have quantified the 
deformation. The limited mapping of the region has likely 
led to an underestimate of hazard in the region. 
 
In the back-arc region of East-Central Java, a 200 km-long 
prominent topography of Kendeng fold and thrust belt 
cuts through the heavily populated region. This fold and 
thrust belt is an example of a thin-skinned fold-and-thrust 
belt as a result from the distant push from the converging 
plate. Small-but-frequent earthquakes occur within 
proximity of this feature. However, the fault zone has yet 
to be classified as active and was not considered as a 
significant threat to the region.  
 

During our active fault mapping campaign in 2012, we 
identified an abandoned meander along the south-
flowing Kabuh River that crosses one of the E-W trending 
folds within Kendeng fold and thrust fault zone (Figure 1 
and 2). It is located a few kilometres to the west of Kabuh 
town in East Java. The fold is characterized by a gently 
double plunging E–W striking axis. The distinctly 
separated abandoned meander bend is located 3 meters 
above the adjacent active bedrock-incised channel, 
suggesting recent uplift. We quantify the uplift rate by 
combining detailed topography mapping and 
radiocarbon dating of the abandoned-channel fill. This 
study provides an important contribution to the limited 
data of the long-term rate of deformation in Java crucial 
to improve the seismic hazard analysis of the area. 
 
RESULTS AND DISCUSSION 
 
We mapped the extent of the abandoned meander 
using surface geological and geomorphological mapping 
techniques. We excavated three shallow pits within the 
meander-fill (KBH 1, KBH 3, and KBH 4, Figure 3, Figure 
4) to determine the bedrock elevation of the meander 
channels. In addition, we also excavate two other 
shallow pits in the terraces (KBH 2 and KBH 5, Figure 3). 
We collected 19 charcoal samples from various depths 
of the pits for 14C analysis. The radiocarbon analysis 
was done at the W. M. Keck Carbon Cycle Accelerator 
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proximity of this feature. However, the fault zone has yet 
to be classified as active and was not considered as a 
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During our active fault mapping campaign in 2012, we 
identified an abandoned meander along the south-
flowing Kabuh River that crosses one of the E-W trending 
folds within Kendeng fold and thrust fault zone (Figure 1 
and 2). It is located a few kilometres to the west of Kabuh 
town in East Java. The fold is characterized by a gently 
double plunging E–W striking axis. The distinctly 
separated abandoned meander bend is located 3 meters 
above the adjacent active bedrock-incised channel, 
suggesting recent uplift. We quantify the uplift rate by 
combining detailed topography mapping and 
radiocarbon dating of the abandoned-channel fill. This 
study provides an important contribution to the limited 
data of the long-term rate of deformation in Java crucial 
to improve the seismic hazard analysis of the area. 
 
RESULTS AND DISCUSSION 
 
We mapped the extent of the abandoned meander 
using surface geological and geomorphological mapping 
techniques. We excavated three shallow pits within the 
meander-fill (KBH 1, KBH 3, and KBH 4, Figure 3, Figure 
4) to determine the bedrock elevation of the meander 
channels. In addition, we also excavate two other 
shallow pits in the terraces (KBH 2 and KBH 5, Figure 3). 
We collected 19 charcoal samples from various depths 
of the pits for 14C analysis. The radiocarbon analysis 
was done at the W. M. Keck Carbon Cycle Accelerator 
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Mass Spectrometry Laboratory at the University of 
California, Irvine. 
 
To obtained detailed topography data for the site, we use 
a total station with a local georeferenced point. In addition, 
we acquired aerial photos using a drone and created a high 
resolution digital elevation model of the site using 
photogrammetry. The photogrammetry techniques 
provide a high resolution data up to centimetre resolution. 
 
The surface of the palaeo-meander channels is horizontal. 
At the surface, the meander is filled with distinctively finer 
sediment than their surroundings. Dates taken from the 
meander fills yield most dates ranging from 215 to 130BP. 
A sample taken from the lowest stratigraphic unit in KBH 1 
(Figure 5) dates the channel fill to 1680-1764 cal AD. The 
ages however, only represent the time when the meanders 
were abandoned and filled. It is not necessarily 
coincidence with the time of deformation. We assume that 
the abandonment of the meander was caused by the 
tectonic uplift along the Kendeng fold.  
 
The elevation difference between the active channel and 
the paleochannel bottom is 3 m, which reflect the 
magnitude of vertical offset of the uplift events. The 
dates of our samples constraint the possible timing of the 
events. Assuming the vertical offset is a result of 
cumulative uplift events, we calculate the longterm rate 
of vertical separation of ~10 mm/yr. The number reflects 
a minimum estimate, as our calculation does not take 
into account regional subsidence and sedimentation rate. 
Nevertheless, our result suggests that Kendeng thrust 
fault is actively deforming. 
 
Although the deformation of Kabuh strand, as suggested 
by this study is relatively slow, other strands along this 200 
km-long thrust fault may also be active and large 
earthquakes may occur. Further investigation along the 
thrust is needed to constrain the slip distribution along the 
fault and to assess the seismic hazards of the region. 
 

Figure 1: Map overlain on Global Multi-Resolution Topography 
(GMRT) data show the locations of the Kendeng and fold thrust 
(red quadrangle) and Kabuh site, the structures in the lower figure 
are adopted form Marliyani (2016). Blue box in the lower figure 
show the area of Figure 2. 

 
Figure 2: The enlarge image of the blue box area of Figure A1. The 
Kabuh River (blue dashed line) flows across an anticline. The 
abandoned meander is located at ~3m above the active channel, 
some uplifted river terraces were also identified. 
 

Figure 3: Contour map of the site generated using total station 
with local coordinate system indicate the location of the test pits 
excavated at this site (black squares). Green squares indicate the 
location of the survey station, green triangles are the benchmarks. 
Further processing is necessary to georeferencing the data into 
global coordinate system. Thick blue lines delineate the extent of 
the abandoned meander. 
 

 
Figure 4: Photographs of the KBH-1 (left) and KBH 3 (right) pits that 
were excavated at Kabuh site. The pits were excavated and logged 
manually. Rapid logging was necessary to avoid flooding due to 
the shallow water table. Refer to Figure 3 for location. 
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Figure 5: Log of KBH1 pit showing the typical sediment of the 
meander fill. Black squares indicate locations of radiocarbon 
samples. The radiocarbon dates is stratigraphically inconsistent, 
we use the youngest date taken from the oldest stratigraphic unit 
to estimate the age of the channel abandonment (1680-1764 
calAD). Refer to Figure 3 for location. 
 
Acknowledgements: We would like to thank the office of forestry 
and plantation of Jombang regency for allowing us to access the 
Kabuh site. This research was supported by funding from 
Geological Engineering Department, Universitas Gadjah Mada and 
the Schlumberger Foundation: Faculty for the Future. 
 

 
REFERENCES 
 
De Genevraye, P. and Samuel, L., 1972. Geology of the Kendeng 

Zone (Central & East Java), 1st Annual Convention Proceedings, 
1972, Pages 17-30. 

Hamilton, W., 1979, Tectonic of The Indonesian Region, USA, U.S. 
Geological Survey. 

Koulali, A., McClusky, S., Susilo, S., Leonard, Y., Cummins, P., 
Meilano, I., Efendi, J., and Wijanarto, A. B., 2016, The kinematics 
of crustal deformation in Java from GPS observations: 
implications for fault slip partitioning: Earth and Platenatary 
Science Letter, v. In Press. 

Marliyani, G.I., 2016. Neotectonics of Java, Indonesia: Crustal 
deformation in the overriding plate of an orthogonal subduction 
system. Arizona State University. 

Visser, S. W., 1922, Inland and Submarine epicentra of Sumatra 
and Java earthquakes: Koninklijk Magnetisch en 
Meteorologisch Observatorium te Batavia, v. Verhandelingen 
no.9, p. 1-14. 

Wichmann, A., 1918, Die Edbeben des Indischen Archipels bis zum 
Jahre 1857: Verhandlingen der Koninklijke Akademie van 
Wetenschappen te Amsterdam (Tweede Sectie), Deel XX. No. 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



8TH INTERNATIONAL PATA DAYS 2017                           PROGRAMME265

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

Figure 5: Log of KBH1 pit showing the typical sediment of the 
meander fill. Black squares indicate locations of radiocarbon 
samples. The radiocarbon dates is stratigraphically inconsistent, 
we use the youngest date taken from the oldest stratigraphic unit 
to estimate the age of the channel abandonment (1680-1764 
calAD). Refer to Figure 3 for location. 
 
Acknowledgements: We would like to thank the office of forestry 
and plantation of Jombang regency for allowing us to access the 
Kabuh site. This research was supported by funding from 
Geological Engineering Department, Universitas Gadjah Mada and 
the Schlumberger Foundation: Faculty for the Future. 
 

 
REFERENCES 
 
De Genevraye, P. and Samuel, L., 1972. Geology of the Kendeng 

Zone (Central & East Java), 1st Annual Convention Proceedings, 
1972, Pages 17-30. 

Hamilton, W., 1979, Tectonic of The Indonesian Region, USA, U.S. 
Geological Survey. 

Koulali, A., McClusky, S., Susilo, S., Leonard, Y., Cummins, P., 
Meilano, I., Efendi, J., and Wijanarto, A. B., 2016, The kinematics 
of crustal deformation in Java from GPS observations: 
implications for fault slip partitioning: Earth and Platenatary 
Science Letter, v. In Press. 

Marliyani, G.I., 2016. Neotectonics of Java, Indonesia: Crustal 
deformation in the overriding plate of an orthogonal subduction 
system. Arizona State University. 

Visser, S. W., 1922, Inland and Submarine epicentra of Sumatra 
and Java earthquakes: Koninklijk Magnetisch en 
Meteorologisch Observatorium te Batavia, v. Verhandelingen 
no.9, p. 1-14. 

Wichmann, A., 1918, Die Edbeben des Indischen Archipels bis zum 
Jahre 1857: Verhandlingen der Koninklijke Akademie van 
Wetenschappen te Amsterdam (Tweede Sectie), Deel XX. No. 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



PROGRAMME                          8TH INTERNATIONAL PATA DAYS 2017266

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
 

Slope movements induced by strike-slip earthquakes in Western Greece 
 

Mavroulis, Spyridon, Lekkas, Efthymios, Skourtsos, Emmanuel, Danamos, Georgios 
 

Department of Dynamic Tectonic Applied Geology, Faculty of Geology and Geoenvironment, School of Sciences, National and Kapodistrian 
University of Athens, Panepistimiopolis, Athens 15784, Greece, smavroulis@geol.uoa.gr  
 
 
Abstract: Over the last decade, four large earthquakes have occurred in Western Greece: the June 8, 2008 Mw=6.4 Andravida, 
the January 26 and February 3, 2014 Mw=6.0 Cephalonia and the November 17, 2015 Mw=6.4 Lefkas earthquakes. They were 
all generated by NE-SW striking dextral strike-slip faults with significant reverse component. They also induced extensive 
environmental effects including slope movements classified into landslides, rockfalls, rockslides and rock toppling failures. They 
affected various lithologies (clays, silts, sands, conglomerates, limestones, clastic sequences) in alpine and post-alpine 
formations. Based on field data, the recorded phenomena were highly concentrated in specific zones associated with lithology, 
tectonic structure and geomorphology. Taking into account that NW Peloponnese and Ionian Islands are among the most 
tectonically and seismically active areas, these phenomena are characterized as structurally controlled. Their distribution also 
supports earlier studies suggesting that they are concentrated in specific zones associated with bedrock geology, 
geomorphology, topography, and human factors. 
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INTRODUCTION 
 
Earthquake-induced slope movements have recently drawn 
increasing attention from researchers of various scientific 
fields including tectonics, geomorphology, natural hazards, 
geographic information system (GIS) and remote sensing 
among others. Damage from earthquake-induced slope 
movements were documented from 1789 B.C. in China and 
373 or 372 B.C. in Greece (Papadopoulos & Plessa, 2000; 
Zhou et al., 2016). They have claimed thousands of people’s 
lives and caused large economic losses especially in 
mountainous areas, where damage and fatalities induced by 
the earthquake-induced landslides are larger than those 
caused by the earthquake itself (Keefer, 1984). During the 
last decades, various studies on earthquake-induced slope 
movements have been carried out. 
 
Compiling of a detailed and comprehensive inventory and 
spatial distribution analyses of earthquake-induced slope 
movements are important in understanding which areas 
are most susceptible to this kind of failure in future 
earthquakes (Xu & Xu, 2016). Detailed co-seismic landslide 
inventories are also essential and important to landsides 
hazard assessment, topography evolution of the 
earthquake areas, controlling of active fault on landslide 
spatial distribution patterns, as well as inversion of 
earthquake-associated features (Xu and Xu, 2016). 
Moreover, this data represents a useful and reliable tool 
for assessing seismic intensity of significant earthquakes 
and furthermore for seismic hazard assessment in 
earthquake prone areas as earthquake-induced slope 
movements can be used as highly diagnostic elements in 
macroseismic intensity scales, including the Environmental 
Seismic Intensity 2007 (ESI-07) scale among others. 
 
Landslide inventory maps can be produced using different 
techniques such as detailed field investigation, 

digitalization of historic landslide inventory, visual 
interpretation of aerial photos, pc-aided supervised or 
unsupervised interpretation of remote sensing images 
(Qiao et al., 2013). Field investigation provides more 
detailed and intuitive landslide information, while photo 
interpretation method greatly enhances the efficiency of 
landslide inventory preparation and has become popular 
since the 1970s (Scaioni et al., 2014). 
 
The aim of this study is to present the slope movements 
induced by the largest earthquakes in Western Greece 
during the last decade and study the factors controlling 
their generation and their spatial distribution. These slope 
movements were observed and recorded during 
emergency field reconnaissance of the earthquake-
affected areas conducted immediately after each 
earthquake by members of the Department of Dynamic 
Tectonic and Applied Geology of the Faculty of Geology 
and Geoenvironment (NKUA) in order to obtain the 
firsthand information of the earthquake-triggered slope 
movements. Such information would be also important for 
earthquake rescue and subsequent scientific studies of 
coseismic slope movements. 
 
THE LARGEST EARTHQUAKES IN WESTERN GREECE 
DURING THE LAST DECADE 
 
Western Greece has recently experienced the destructive 
impact of four strong earthquakes, namely the June 8, 2008 
Mw 6.4 Andravida (Northwestern Peloponnese) 
earthquake, the January 26 and the February 3, 2014 Mw 6.0 
Cephalonia (Ionian Sea) earthquakes and the November 17, 
2015 Mw 6.4 Lefkas (Ionian Sea) earthquake. 
 
The most common characteristic of all four events is that 
they were generated by the activation of NNE-SSW to NE-
SW strike-slip faults based on their moment tensor 
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solutions and the spatial distribution of their aftershock 
sequences derived from national and international 
seismological institutes and observatories. These tectonic 
structures have significantly affected the geodynamic 
setting of Western Greece and have played a decisive role 
in the evolution of the Northwestern Peloponnese and the 
Ionian Islands. Another similarity of these events is that 
they all have had extensive impact on the natural 
environment including generation of many secondary 
earthquake environmental effects such as ground cracks, 
slope movements, liquefaction phenomena and 
hydrological anomalies (Mavroulis et al., 2010, 2013; 
Lekkas & Mavroulis, 2015, 2016; Lekkas et al., 2016). 
 
SLOPE MOVEMENTS INDUCED BY THE 2008 ANDRAVIDA 
(NORTHWESTERN PELOPONNESE) EARTHQUAKE 
 
Slope movements induced by the 2008 Andravida 
earthquake were observed in 8 localities over a wide area 
NW Peloponnese (Fig. 1). The minimum distance of 
occurrence from the epicenter of the main shock was of 
5.91 km, while the maximum was 24.4 km. They are 
classified as landslides (6 from 8 total cases) of formations 
consisting of alternations of marls, clays, silts, sands with 
consolidated or non-consolidated conglomerates along 
bedding planes and joints dipping towards the free face of 
road slopes and along active fault zones as well as rockfalls 
(2) along steep mountain slopes and active faults (Fig. 2). 
The volume of the mobilized geological material did not 
exceed 10m3, indicating a VESI-07 intensity. The affected 
formations were alpine comprising Upper Cretaceous 
limestones of Gavrovo and Paxoi geotectonic units and 
Palaeocene-Middle Eocene limestones of Tripolis 
geotectonic unit as well as post-alpine deposits including 
Upper Pliocene-Pleistocene alternations of marls, clays, 
silts, sands with consolidated or non-consolidated 
conglomerates were affected by the aforementioned slope 
movements (Fig. 2). As regards their geotechnical 
characteristics, these lithologies can be further classified 
into (a) Quaternary loose deposits with mixed phases, (b) 
fractured formations with secondary loosening due to 
dense fracturing of beds and (c) highly tectonized 
formations, disintegrated into large or small fragments or 
their decomposition into powder. 
 
As regards the factors controlling the generation and the 
spatial distribution of these slope movements, they were 
due to: (a) the strong ground shaking, (b) the presence of 
geological formations with mechanical characteristics that 
make formations susceptible to failure, (c) the strong 
heterogeneity and the rapid change of the mechanical 
characteristics in the different horizons both vertically and 
horizontally resulting in non-uniform and anisotropic 
mechanical behavior of formations, (d) the intense and 
multiple fracturing, erosion and weathering contributing to 
the decreased cohesion along steep mountain slopes as 
well as (e) the intense tectonic deformation along active 
fault zones resulting in a dense net of discontinuities and 
sectors of decreased cohesion and formations loosening. 
 

SLOPE MOVEMENTS INDUCED BY THE 2014 CEPHALONIA 
(IONIAN SEA) EARTHQUAKES 
 
Slope movements induced by the two strong earthquakes 
occurred in 2014 at Cephalonia were observed in 21 
localities in the western part of the island (Fig. 1). The 
minimum and maximum distances of occurrence from the 
epicenters was 3.13 and 20.92 km respectively for the first 
earthquake and 1.57 and 16.59 km respectively for the 
second one. They are classified as landslides (3), rockfalls 
(2), while the majority of them (16) comprise mixed types 
of slope failures including rotational slides or slumps, 
translational slides, rockfalls and rock toppling failures (Fig. 
2). The volume of the mobilized geological material varied 
from 1m3 in small rockfalls to larger that 103m3 in mixed 
type phenomena indicating intensities ranging from VESI-07 
to VIIESI-07. The affected formations were alpine formations 
including Middle Miocene-Early Pliocene clay-clastic 
sequence with marls, clays, mudstones and Triassic-Middle 
Miocene limestones of the Paxoi geotectonic unit as well 
as more recent deposits comprising Middle Pleistocene 
scree and Pliocene-Calabrian marls (Fig. 2). 
 
The main factors controlling the generation of these 
slope movements were the particularly complex 
geotechnical regime and pre-existing instability 
conditions along geotechnically unstable zones 
characterized by fractured and brecciated rock mass, 
suitable geometry of beds and discontinuities, high and 
steep slopes and scarps. The intense tectonic uplift plays 
a decisive role in the development of instability 
conditions since it increases the inclination and the 
height of slopes. This tectonic deformation resulting in 
considerable uplift and intense incision have formed an 
area with adverse relief characterized by steep slopes, 
large morphological discontinuities, straight and deep 
thalwegs, which in combination with the lithological 
anisotropy of alpine formations and post-alpine deposits 
and the erosion and weathering processes contribute to 
decreased cohesion along steep slopes and scarps. All 
these endogenic and exogenic processes make the 
affected areas highly susceptible to the generation of 
slope movements and the early 2014 Cephalonia 
earthquakes act as triggering mechanisms for the 
generation of the aforementioned phenomena. 
 
SLOPE MOVEMENTS INDUCED BY THE 2015 LEFKAS 
(IONIAN SEA) EARTHQUAKE 
 
Slope movements induced by the 2015 Lefkas earthquakes 
were observed in 15 localities in the western part of the 
island (Fig. 1). The minimum and maximum distances of 
occurrence from the epicenter of the main shock was 1.09 
and 17.39 km respectively. They are classified into 
landslides (7), rockfalls (4), mixed type phenomena 
comprising rockfalls and landslides (3) and mixed type 
phenomena comprising landslides, rockfalls and rockslides 
(1) (Fig. 2). The volume of the mobilized geological material 
varied from 103 m3 in relatively small phenomena to 105-
106 m3 in large landslides, indicating intensities varying 
from VIESI-07 to VIIIESI-07. The most affected lithologies were 
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in Alpine formations, especially Middle Miocene-Early 
Pliocene clay-clastic sequence with marls, clays and 
mudstones and Triassic-Middle Miocene limestones of the 
Paxoi geotectonic unit as well as recent deposits 
comprising Middle Pleistocene scree and Pliocene-Clabrian 
marls (Fig. 2). Most of them remained active for a long time 
after the main earthquake mainly due to the recently 
established instability conditions and the ongoing 
aftershock sequence including earthquakes with 
magnitude equal to or larger than 4.0 and epicenters 
determined close to the western part of the island. 
 
The coastal slopes of the western part of Lefkas suffered 
the most by the 2015 earthquake due to the combination 
of the following parameters: (a) The tectonic structure of 
the western coastal part of Lefkas, which is characterized 
by active faults that play decisive role in the formation 
and the evolution of the island. Along with a dense net of 
joints, they additionally form a geotechnically unstable 
region characterized by high and steep slopes and scarps, 
highly fractured, brecciated and almost powdered 
limestones with secondarily welding and extensive semi-
cohesive scree with limestone breccia and red-clay filled 
fractures as well as suitable geometry of beds and 
discontinuities; (b) The lithological heterogeneity and the 
mechanical anisotropy of the alpine and post-alpine 
formations; (c) The exogenic processes comprising 
repeated cycles of mechanical, chemical and organic 
weathering and fluvial, marine and aeolian erosion 
contribute to the decreased cohesion and formations 
loosening along the steep coastal slopes of the affected 
area. For example, sea waves erode the base of the 
almost vertical slopes forming steep limestone cliffs, 
caves and overhangs and creating conditions favorable 
for slope movements. The probability for the generation 
of slope movements increases during earthquakes. 
 

 
Figure 1: Spatial distribution of slope movements induced by the 
largest earthquakes in Western Greece during the last decade. 
 
These phenomena can be considered as well predictable, 
because they occur repeatedly at the same places when 
earthquakes hit the island. In fact, slope movements 
including rockfalls and landslides were generated in 

western Lefkas during the 1783, 1885, 1914, 1948 and 
2003 earthquakes (Margaris et al. 2003; Lekkas et al. 2004; 
Papathanassiou & Pavlides, 2007; Rondoyanni et al. 2012). 
 

 
Figure 2: Slope movements in Western Greece induced by the 2008 
Andravida earthquake (a-d), the 2014 Cephalonia earthquakes (e-
g) and the 2015 Lefkada earthquake (h-o). (a) rock toppling 
failures of limestones, (b) rockfalls of limestone blocks, (c) landslide 
and failure of road slopes, (d) sliding of formation consisting of 
alternations of various lithologies, (e) rockfalls occurred in 
limestone blocks, (f) landslide of Triassic-Middle Miocene 
limestones and the Middle Miocene-Early Pliocene clay-clastic 
sequence of Paxoi unit, (g) landslide and rockfalls of Triassic-
Middle Miocene limestones of Paxoi unit, (h-k) landslides and 
rockfalls of disintegrated and almost powdered limestones of 
Paxoi unit, (l-o) mixed types of slope failures including landslides, 
rockfalls and rockslides. 
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IMPACT OF THE EARTHQUAKE-INDUCED SLOPE 
MOVEMENTS IN WESTERN GREECE 
 
Partial damage to the road network including cracks and 
craters in the asphalt pavement and deformation of road 
protection barriers as boulders bounced across the street, 
damage to adjacent building structures and related 
facilities and temporary or permanent traffic disruption 
were mainly caused by the studied earthquakes generated 
in Western Greece. 
 
Unfortunately, rockfalls during the 2015 Lefkas earthquake 
claimed a life, when loose limestone blocks were detached 
from steep limestone slopes, rolled down and slammed 
into a residential building. 
 
CONCLUSIONS 
 
This study supports the view that earthquake-induced 
slope movements are highly concentrated in specific zones 
associated with the lithology, tectonic structure, 
geomorphology, topography and human presence. Taking 
into account that NW Peloponnese and Ionian Islands are 
among the most tectonically and seismically active areas 
and that these slope movements are mainly observed 
along active and probably active tectonic structures, these 
phenomena could be characterized as structurally 
controlled. Their distribution supports earlier studies of 
earthquake-triggered landslides, which suggests that 
although earthquake-triggered landslides are abundant 
throughout an extensive area from the epicentre, they are 
concentrated in specific zones associated with the bedrock 
geology, geomorphology, topography, and human factors 
(Keefer, 1984; Rodriguez et al., 1999). These criteria should 
be used therefore for mapping landslide susceptibility in 
the study area, and produce suitable hazard maps. 
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Abstract: In 2015, the Seismic Hazard Centre (CPS) of the Istituto Nazionale di Geofisica e Vulcanologia (INGV) was commissioned 
to engage and coordinate the national community with the aim of elaborating a new reference seismic hazard model, which is 
expected to be released in mid 2018. CPS outlined a roadmap to describe the main features of this complex endeavour, including 
the different scientific tasks, milestones and timelines. The scientific tasks focus their work on i) improving the quality and the 
accuracy of the input data (e.g. historical seismic catalogue, seismotectonic zonation, etc.); ii)  building new earthquake rate 
models based on these new input data, iii) selecting the most proper ground motion prediction equations, iv) testing the overall 
seismic hazard model as well as each component; v) combining the results of the statistical testing phase and the outcome of an 
expert's elicitation session to assign a weight to each component of the final seismic hazard model. The new seismic hazard 
model is based on an innovative coherent probabilistic framework, which allows a proper description of the aleatory variability 
and epistemic uncertainty, and the validation of the seismic hazard model. Here, we describe the progress made to date up to 
now, the comparison between the new and the official national model, and finally we discuss the scientific aspects that have the 
most significant impact on the new picture of PSHA in Italy. 
 
Key words: Italy, Seismic Hazard, Building Code.  
 
 
INTRODUCTION 
 
In 2004-2006 a new seismic hazard model for Italy 
(MPS04; http://zonesismiche.mi.ing.it) was released; it 
was based on the most recent data, approaches, and 
available software tools. At that time, it was considered 
one of the most advanced models in Europe, and, for 
the first time in Italy, it was possible to define the 
seismic code on the uniform hazard spectra assessed on 
a regular 5 km spaced grid over the whole national 
territory. Previously, the territory was classified into 4 
seismic categories, each one described by a single 
response spectrum. Interestingly, the new building code 
based on MPS04 was not mandatory until 2009, a few 
months after the Mw6.1 L’Aquila earthquake. 
In the following years, the update of MPS04 was not 
considered a priority, since the professional engineers 
needed time to become familiar with the proper 
application of the new EuroCode 8 building code.  
 
In 2013, a new seismic hazard model for Europe (the 
European SHARE hazard model, http://www.share-
eu.org/) was delivered, which showed marked increases 
of peak ground acceleration (PGA) at a level of 
probability of exceedance of 10% in 50 years with 
respect to MPS04 (Meletti et al., 2014). These 
differences were somewhat surprising because SHARE 
and MPS04 used very similar area source models 
(Meletti et al., 2008) and historical seismic catalogue. A 
detailed investigation showed that the use of more 
recent ground-motion prediction equations (GMPE) in 
SHARE explains the largest discrepancies between 
SHARE and MPS04 (Meletti et al., 2014).  

 
Besides the developments of these new GMPEs, during the 
last ten years many new data became available, and the 
computational codes were significantly improved. Therefore, 
in 2015 the Italian scientific community led by the Seismic 
Hazard Centre (Centro Pericolosità Sismica – CPS hereafter) 
of the National Institute of Geophysics and Volcanology 
(Istituto Nazionale di Geofisica e Vulcanologia – INGV 
hereafter) proposed the building of a new national seismic 
hazard model that could be used to revise the design spectra 
for the building code. This proposal was funded by the Italian 
government through the Department of Civil Protection 
(Dipartimento di Protezione Civile, DPC hereafter), and it is 
still ongoing mostly because of the continuous and intense 
interaction with the review panel (namely the High Risks 
Commission of the Italian Civil Protection Department; 
http://www.protezionecivile.gov.it/jcms/en/home.wp). 
 
DISCUSSION 
 
From the beginning of 2015, DPC has been funding CPS to 
build a new seismic hazard model, which is aimed to replace 
MPS04 (MPS Working Group, 2004; Stucchi et al., 2011). Since 
the beginning, CPS and DPC representatives agreed on fixing 
some key constraints that must be honoured in building a 
seismic hazard model for practical purposes.  
 
These points, which basically aim to guarantee a broad 
participation and both scientific and non-scientific consensus, 
can be summarized as follows: (i) use of international 
standards according to the state of the art in Probabilistic 
Seismic Hazard Assessment (PSHA) (e.g. SHAAC, 1993 and 
Woessner et al., 2015); (ii) open and transparent procedures 
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was based on the most recent data, approaches, and 
available software tools. At that time, it was considered 
one of the most advanced models in Europe, and, for 
the first time in Italy, it was possible to define the 
seismic code on the uniform hazard spectra assessed on 
a regular 5 km spaced grid over the whole national 
territory. Previously, the territory was classified into 4 
seismic categories, each one described by a single 
response spectrum. Interestingly, the new building code 
based on MPS04 was not mandatory until 2009, a few 
months after the Mw6.1 L’Aquila earthquake. 
In the following years, the update of MPS04 was not 
considered a priority, since the professional engineers 
needed time to become familiar with the proper 
application of the new EuroCode 8 building code.  
 
In 2013, a new seismic hazard model for Europe (the 
European SHARE hazard model, http://www.share-
eu.org/) was delivered, which showed marked increases 
of peak ground acceleration (PGA) at a level of 
probability of exceedance of 10% in 50 years with 
respect to MPS04 (Meletti et al., 2014). These 
differences were somewhat surprising because SHARE 
and MPS04 used very similar area source models 
(Meletti et al., 2008) and historical seismic catalogue. A 
detailed investigation showed that the use of more 
recent ground-motion prediction equations (GMPE) in 
SHARE explains the largest discrepancies between 
SHARE and MPS04 (Meletti et al., 2014).  

 
Besides the developments of these new GMPEs, during the 
last ten years many new data became available, and the 
computational codes were significantly improved. Therefore, 
in 2015 the Italian scientific community led by the Seismic 
Hazard Centre (Centro Pericolosità Sismica – CPS hereafter) 
of the National Institute of Geophysics and Volcanology 
(Istituto Nazionale di Geofisica e Vulcanologia – INGV 
hereafter) proposed the building of a new national seismic 
hazard model that could be used to revise the design spectra 
for the building code. This proposal was funded by the Italian 
government through the Department of Civil Protection 
(Dipartimento di Protezione Civile, DPC hereafter), and it is 
still ongoing mostly because of the continuous and intense 
interaction with the review panel (namely the High Risks 
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DISCUSSION 
 
From the beginning of 2015, DPC has been funding CPS to 
build a new seismic hazard model, which is aimed to replace 
MPS04 (MPS Working Group, 2004; Stucchi et al., 2011). Since 
the beginning, CPS and DPC representatives agreed on fixing 
some key constraints that must be honoured in building a 
seismic hazard model for practical purposes.  
 
These points, which basically aim to guarantee a broad 
participation and both scientific and non-scientific consensus, 
can be summarized as follows: (i) use of international 
standards according to the state of the art in Probabilistic 
Seismic Hazard Assessment (PSHA) (e.g. SHAAC, 1993 and 
Woessner et al., 2015); (ii) open and transparent procedures 
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that guarantee completely reproducible outcomes; (iii) 
use of formats that have to be approved by the decision 
makers; (iv) the involvement of the whole Italian 
scientific community in proposing data, models and 
approaches; (v) a full and coherent exploration and 
representation of the epistemic uncertainty in the final 
seismic hazard model; (vi) the implementation of a 
robust testing phase, and of an elicitation session with 
national and international independent experts, in 
order to check the reliability of each component of the 
seismic hazard model.   
 
Concerning the point (iii) above, CPS representatives 
and the national earthquake engineering community 
discussed the most proper outcomes of the new seismic 
hazard model for the building code purpose. 
Specifically, the time-independent model has to 
consider only declustered seismicity (in order to 
maintain a coherence with the past); the model has to 
cover the whole national territory, the reference soil is 
rock (Vs30 > 800m/s); the hazard has to be expressed in 
terms of PGA, PGV, PGD, spectral acceleration, velocity, 
displacement, macroseismic intensity; the spectral 
ordinates have to be in the range between 0.05 and 4 
seconds, and the return periods from 30 to 5000 years. 
 
The project for the new seismic hazard model has been 
organized into 6 tasks, each one of them led by 2 
coordinators. All the coordinators, together with 4 
external experts on seismic hazard, form Task 1 
(“Project coordination”) which is in charge of evaluating 
any aspect of the project, and checking the effective 
interaction among the researchers. The other tasks are: 
“Input Data”, “Seismicity models”, “GMPEs”, 
“Computation and rendering”, “Testing phase”. 
 
Task 2 “Input Data” is in charge of selecting all the useful 
basic data for the project, in order to have a common 
dataset of information. Within this task, many deliverables 
have already been met; probably the most important one 
is the new historical earthquake catalogue that updated 
the previous versions. This catalogue, named CPTI15 
(http://emidius.mi.ingv.it/CPTI15), contains more than 
4500 records, from 1000 AD to 2014, that have been 
compiled with homogeneous criteria for location and 
magnitude of each event; for the pre-instrumental period, 
the moment magnitude has been assessed on the basis of 
the distribution of macroseismic intensities, now available 
for every earthquake on Italian territory. The catalogue was 
then declustered with the Gardner and Knopoff (1974) 
algorithm and its time-interval completeness was also 
defined according both an historical and a statistical 
approach. The choice of exploiting this declustering 
technique is arbitrary but it is the best way to obtain a 
Poisson time-distribution for the mainshocks.  
 
Other types of data have been released or updated, 
such as: the catalogue of focal mechanisms and moment 
tensors, the GPS velocity solution for the Mediterranean 
area, the DISS database of seismogenic sources capable 
of Mw≥5.5 earthquakes, the flat file of accelerometric 

recordings for Mw ≥4.0 earthquakes that represents the 
reference information for the tasks “GMPEs” and “Testing 
Phase”. 
 
The main goal of Task 3 “Seismicity models” is to provide a set 
of seismicity models that have been proposed independently 
by different groups of researchers. The Task's 3 coordinators 
must ensure the compatibility of these models with the 
OpenQuake engine platform (Pagani et al., 2014), and the 
coherence of the outcomes (all of the models have to provide 
forecasts of the same quantity). Besides these activities, this 
task acts as a link between the groups of modellers and Task 
2 that furnish common databases.  
 
Each earthquake rate model has to be reproducible; this 
means that modellers have to clearly explain how the model 
is built and which data have been used. Moreover, modellers 
have to explore the epistemic uncertainty related to their 
model, i.e., how the model outcome varies as a function of 
the variability of the parameters of the model itself. This step 
is crucial to estimate an overall epistemic uncertainty of the 
final model, which includes the uncertainty of each model and 
the uncertainty among models. 
 
Task 3 collected 12 models that cover the national scale and 
1 specific model for the Mt. Etna volcanic area. The 12 models 
were grouped according to the (main) typology of 
seismogenic sources: areas (5 models), faults (2 models) and 
points (5 models). 
 
Task 4 “GMPEs” aims at identifying the most proper GMPEs 
to be used for the new seismic hazard map. A first selection 
of the many GMPEs in literature has been performed taking 
into account the following basic requirements: i) the GMPEs 
should uniformly cover the Italian territory and surrounding 
areas (with the exception of volcanic zones); ii) rocky soil 
conditions and flat topography have to be considered 
(although hazard maps for different soil classes could also be 
released); iii) the hazard has to be estimated in terms of peak 
ground acceleration, velocity and displacement (PGA, PGV, 
PGD), response spectra in acceleration, velocity and 
displacement (if PGD or the velocity and displacement spectra 
are not available, they are derived by integration from PGA 
and acceleration response spectra, respectively), 
macroseismic intensity and possible additional parameters, 
such as Housner or Arias intensity; iv) horizontal motion has 
to be represented by the geometrical mean of the horizontal 
components; v) GMPEs have to estimate 12 spectral periods, 
in the range 0.05-4 seconds.  
 
The forecasting performance of each GMPE was evaluated 
through the comparison with accelerometric records available 
in the Italian (itaca.mi.ingv.it; Luzi et al., 2008; Pacor et al., 
2011) and European (esm.mi.ingv.it; ESM Working Group, 
2015) strong-motion databases and with Italian macroseismic 
data (DBMI15; http://emidius.mi.ingv.it/DBMI15). In this way, 
each GMPE was ranked according to different specific metrics, 
so that the best performing GMPEs could be identified. The 
ranking procedure was established in collaboration with the 
task 6 "Testing phase".  
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This selection procedure allows us to identify a set of 
GMPEs to use for the new seismic hazard model, 
among the GMPEs that have been calibrated for Italy 
(e.g., Bindi et al., 2011), for the European region 
(Douglas et al., 2014), and among the NGA-West2 
models (Bozorgnia et al., 2014), that were developed 
for the latest seismic hazard maps of United States by 
the USGS (Petersen et al., 2014). The decision to select 
the best GMPEs for different classes of GMPEs is due 
to the need to consider GMPEs that may be suitable 
for the different Italian geodynamic contexts. A similar 
analysis was also carried out for the macroseismic 
intensity prediction equations (IPE). 
 
Task 5 “Computation and Rendering” uses the code 
OpenQuake (www.openquake.org; Pagani et al., 2014) 
because of several reasons: it is free and it is open 
source, so everyone can reproduce the outcomes and 
verify how the code works. Moreover, since OpenQuake 
is developed by GEM (www.globalquakemodel.org), it is 
possible to interact with the developer team to modify 
or integrate the code, as well as to ask for the 
development of new dedicated functions. No less 
important, OpenQuake guarantees rapid assistance for 
problems concerning the elaboration or installation 
issues. One of the main goals of Task 5 is to disseminate 
the outcomes of the seismic hazard model in the form 
of graphs, tables, maps and through both paper and 
electronic tools. The previous experience gained in 
disseminating the outcomes of the previous MPS04 
model was very positive and successful (Martinelli and 
Meletti, 2008): specifically, a webGIS application allows 
any user to view hazard maps, hazard curves and 
uniform hazard spectra. For the new seismic hazard 
model, the hazard will be disseminated by developing 
an analogous web tool, with new and extended 
features, which allow the users to receive more 
information with additional formats. 
 
Task 6 “Testing phase” is an important and innovative 
aspect of the project. In common practice, the reliability 
of a seismic hazard model is based on the consensus of 
the scientific community on the model's outcomes. A 
more objective approach is based on testing the seismic 
hazard model, or its components such as the 
earthquake rate models and the GMPEs, using the 
available data. Despite the obvious importance of this 
step if we want to keep seismic hazard in a scientific 
domain, there is not yet a commonly accepted 
framework for testing seismic hazard models, and only 
a few approaches based on different assumptions have 
been proposed. The role of subjective expert opinion, 
the heterogeneous probabilistic approaches used to 
build the models, and the scarcity of independent data 
for evaluation make this issue extremely challenging, 
both from a theoretical and a practical point of view.  
 
In Task 6 we adopt the probabilistic framework 
introduced by Marzocchi and Jordan (2014), which 
allows a meaningful testing and validation of a seismic 
hazard model, properly accounting for the epistemic 

uncertainty. (We defer to this paper and references therein 
for a detailed discussion on this topic).  As far as long-term 
seismic hazard models are concerned, seismologists cannot 
usually evaluate models using independent data. Some 
efforts in this direction are ongoing, but with some limitations 
(e.g. Mak et al., 2014). Most of the time, as for the new 
seismic hazard model, only past data, which have been used 
more or less directly to build the hazard model, can be used 
for testing. Hence, instead of using the term validation, we 
prefer to use the less ambitious term “consistency” of the 
model's output with data. In other words, the model should 
describe the data that have been used to build the model. 
Specifically, the main goal of Task 6 is to test the consistency 
of the new seismic hazard model, as well as of its 
components, i.e., the seismicity rate models and the GMPEs.  
 
A second goal of Task 6 is to score the models. Specifically, we 
compare different models that form the new seismic hazard 
model to rank them according to their retrospective 
forecasting (hereafter past-casting) performances; we named 
this procedure “scoring”. All hazard models, and every single 
component have been scored according to few pre-selected 
specific metrics. The goal of scoring is to facilitate the merging 
of models in a final seismic hazard assessment; in fact, the 
final weight of each component of the hazard model is 
assigned according to its scoring, and the outcomes of an 
experts' elicitation session with independent national and 
international experts.  
 
To sum up, the testing of the new seismic hazard model 
consists of 4 different phases. In testing phase 1, we evaluate 
the consistency of the final hazard model using the past 
accelerometric data that are available in Italy, properly 
accounting for the epistemic uncertainty. In testing phase 2, 
we test the new seismic hazard model in terms of 
macroseismic intensity. We compare the outcomes of the 
model with the intensity observations that occurred in the 
last centuries. In testing phase 3, we test every single 
seismicity rate model for consistency, comparing the rates 
with the seismicity that has been observed in the last 
centuries (taken from the CPTI15 catalogue). In testing phase 
4, we provide a quantitative score for each model based on 
the comparison of their past casting. This score could be 
useful to establish the weight of each model, but we 
underline that scoring a model is entirely based on data 
analysis, while establishing weights could require more 
subjective assessment, for instance, when the dataset used 
for scoring is not particularly large. The scoring is applied to 
the set of final hazard models as well as to single components 
such as the seismicity rate models and the GMPEs, using the 
databases described in the previous testing phases. 
 
CONCLUSIONS 
 
The Italian scientific community is soon to release a new 
seismic hazard model for Italy. This effort began in 2015 and 
to date has involved more than 150 researchers. With respect 
to the previous model, we have taken advantage of the 
significant updates of several input data, such as the historical 
seismic catalogue, and of a richer set of models for 
earthquake rates and GMPEs. The new seismic hazard model 
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Task 5 “Computation and Rendering” uses the code 
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source, so everyone can reproduce the outcomes and 
verify how the code works. Moreover, since OpenQuake 
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possible to interact with the developer team to modify 
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important, OpenQuake guarantees rapid assistance for 
problems concerning the elaboration or installation 
issues. One of the main goals of Task 5 is to disseminate 
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aspect of the project. In common practice, the reliability 
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more objective approach is based on testing the seismic 
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domain, there is not yet a commonly accepted 
framework for testing seismic hazard models, and only 
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the heterogeneous probabilistic approaches used to 
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for evaluation make this issue extremely challenging, 
both from a theoretical and a practical point of view.  
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allows a meaningful testing and validation of a seismic 
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model's output with data. In other words, the model should 
describe the data that have been used to build the model. 
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component have been scored according to few pre-selected 
specific metrics. The goal of scoring is to facilitate the merging 
of models in a final seismic hazard assessment; in fact, the 
final weight of each component of the hazard model is 
assigned according to its scoring, and the outcomes of an 
experts' elicitation session with independent national and 
international experts.  
 
To sum up, the testing of the new seismic hazard model 
consists of 4 different phases. In testing phase 1, we evaluate 
the consistency of the final hazard model using the past 
accelerometric data that are available in Italy, properly 
accounting for the epistemic uncertainty. In testing phase 2, 
we test the new seismic hazard model in terms of 
macroseismic intensity. We compare the outcomes of the 
model with the intensity observations that occurred in the 
last centuries. In testing phase 3, we test every single 
seismicity rate model for consistency, comparing the rates 
with the seismicity that has been observed in the last 
centuries (taken from the CPTI15 catalogue). In testing phase 
4, we provide a quantitative score for each model based on 
the comparison of their past casting. This score could be 
useful to establish the weight of each model, but we 
underline that scoring a model is entirely based on data 
analysis, while establishing weights could require more 
subjective assessment, for instance, when the dataset used 
for scoring is not particularly large. The scoring is applied to 
the set of final hazard models as well as to single components 
such as the seismicity rate models and the GMPEs, using the 
databases described in the previous testing phases. 
 
CONCLUSIONS 
 
The Italian scientific community is soon to release a new 
seismic hazard model for Italy. This effort began in 2015 and 
to date has involved more than 150 researchers. With respect 
to the previous model, we have taken advantage of the 
significant updates of several input data, such as the historical 
seismic catalogue, and of a richer set of models for 
earthquake rates and GMPEs. The new seismic hazard model 
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also contains some important novelties, such as a new 
probabilistic framework that allows the validation of the 
model and a proper and coherent description of the 
epistemic uncertainty. We have also introduced a strong 
testing phase, which allows a more objective evaluation 
of the hazard model and of its components. Last but not 
least, the final model is going to be fully transparent and 
reproducible. This will facilitate any later evaluation of 
the model by independent groups of researchers. 
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Abstract: Tectonic studies of the Kalacka Cave, Tatra Mts., indicates the presence of faults that have been active during the 
Quaternary. Soft sediment deformation within clastic deposits infilling a sump located near the faults also supports the 
occurrence of ground shaking in the region during the Quaternary. The main objective of this study was to confirm the recent 
activity on the documented faults through multidisciplinary investigations (tectonic, sedimentological, geophysical, radiometric 
and palaeomagnetic) in the Kalacka Cave and its vicinity. A damaged flowstone was sampled from one of the faults and a pre-
damage and- and post-damage layer of calcite were dated using the U-series method, this indicated the age of the flowstone 
disturbance was 281 ka ± 6.  
 
Geological mapping of the Kalacka Turnia peak area was undertaken and two resistivity cross-sections were obtained in order 
to better understand the near surface geology of the Kalacka Cave and correlations between faults on the surface terrain and in 
the cave. The geophysical survey profiles were composed of two parallel 300 m and 200 m- lines. On the first 300 m profile the 
Induced Polarization method was applied to find chargeable areas that can indicate a fracture systems filled with water. 
 
The presence of well-preserved scarps, connected with the faults in the cave and the high resistivity anomalies 60 m below 
surface demonstrate faulting caused by debuttressing. The slope deformation was initiated at least 281 ka ± 6 ka and the most 
significant downslope movements probably took place during the last interglacial. Moreover, presence of soft sediment 
deformation in the cave suggest that slope failure had a violent character and triggered ground shaking. 
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Abstract: The deformation of mantle and crustal rocks in response to stress plays a crucial role in the distribution of seismic and 
volcanic hazards, controlling tectonic processes ranging from continental drift to earthquake triggering. However, the spatial 
variation of these dynamic properties is poorly understood as they are difficult to measure. We exploit the large stress 
perturbation incurred by the 2016 earthquake sequence in Kumamoto, Japan to directly image localized and distributed 
deformation. The earthquakes illuminated distinct regions of low effective viscosity in the lower crust, notably beneath the Mt 
Aso and Mt Kuju volcanos, surrounded by larger scale variations of viscosity across the back-arc. This study demonstrates a new 
potential for geodesy to directly probe rock rheology in situ across many spatial and temporal scales.  
 
Key words: Kumamoto, Rheology, Geodesy, Viscoelasticity, Postseismic. 
 
 
Postseismic studies of geodetic data following large 
earthquakes indicate a wide range of mechanisms 
contribute to the observed deformation and stress 
relaxation. Both on-fault afterslip and off-fault viscoelastic 
relaxation can contribute to the postseismic transient 
phase of the earthquake cycle. One problem with these 
(quasi-) dynamic models is that there is a wide range of 
parameter space to be investigated, with each parameter 
pair possessing their own tradeoffs. This becomes 
especially problematic when trying to model both on-fault 
and off-fault deformation simultaneously. Here, we draw 
insight from postseismic geodetic observations following 
the 2016 Mw 7.0 Kumamoto earthquake by utilizing a 
novel inversion technique. 
 
We present a novel approach to invert for on-fault and 
off-fault deformation simultaneously using analytical 
Green’s functions for distributed deformation at depth 
(Barbot, Moore and Lambert., 2016) and on-fault 
deformation (Okada 1985, Nikkhoo and Walter 2015). 
Using these Green’s functions, we jointly invert InSAR 
images and GEONET GPS time series following the 
Kumamoto earthquakes for afterslip and lower-crustal 
viscoelastic flow. 
 
The calculated strain-rates in the lower crust are directly 
converted to effective viscosities and we investigate the 
implications of the effective viscosity structure within an 
outlier-sensitive Bayesian statistical framework to 
estimate in-situ parameters, such as temperature. Using 
our new method, we are able to interrogate the transient 
deformation in the first few months of the postseismic 
deformation to obtain these parameters. 
 

The postseismic deformation at Kumamoto brings new 
insights into the distribution of brittle and ductile crustal 
processes beneath Japan and can be used to infer lower 
crustal properties. 
 
Following the work presented in Moore et. al. (2017) we 
extend the study over the 18months following the 
earthquake sequence and draw comparisons with the 
inelastic strain distributions in Kyushu presented in 
Matsumoto et. al. (2016), Fig. 1 and 2. 
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Figure 1: Depth distribution of the Kyushu island earthquakes, January 1993 to July 2013, showing the deeper (d95) limits of studied events. Red 
triangles denote active volcanoes. 
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Figure 2: Transient viscosity of the lower crust with volcanoes marked in red triangles, the Hinagu and Futagawa faults in black, modified from 
Moore et. al. (2017). The regions of low viscosity follow the pattern of coseismic stress change modulated by the distribution of arc volcanism 
and plutonic bodies in Kyushu, with noticeable low-viscosity anomalies beneath Mount Aso and Mount Kuju. 5km contours of the depth of 
seismicity, d95 (Fig. 1), superimposed as a dashed line. 
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Abstract: Earthquakes have disrupted human societies throughout history and prehistory. Whereas hunter-gatherer cultures 
may have been relatively little affected by seismic events, the built environment of sedentary societies is quite vulnerable to 
collapse of structures by earthquake-induced ground motion. Understanding the severity and frequency of past earthquakes is 
important for understanding the history, consequences, and responses of past societies to these seismic disasters, as well as the 
hazards posed to modern populations. Ambraseys (1971, 1973) was one of the first to advocate the modern use of archaeological 
data to help define a region’s earthquake history and other seismic hazards. Deciphering and dating evidence of earthquake 
damage at archaeological sites is the goal of the modern field of “archaeoseismology”—a term first coined in the paper by Karcz 
and Kafri (1978). The field of archaeoseismology investigates both earthquake collapse horizons within archaeological 
stratigraphic contexts and damaged extant buildings and structures. Many archaeologists have documented “destruction 
horizons,” —i.e., stratigraphic layers that show signs of fire, instantaneous destruction, or massive structural collapse with 
evidence of smashed, in situ vessels and other artifacts on living surfaces, toppled masonry, or other catastrophic building 
failures interpreted as earthquake damage. Earthquake damage is, however, difficult to differentiate from other causes of 
building failures, including static collapse due to lack of maintenance, disrepair, or warfare, slumping or gravitational sliding, 
foundation subsidence, and other geotechnical issues. Understanding the tectonic, geologic, and geomorphic setting of an 
archaeological site has long been recognized as fundamental to understanding archaeoseismic evidence. Recent advances in the 
field include developing means to quantify a earthquake intensity scale for seismic damage at archaeological site, detailed 
mapping of damage to extant archaeological structures, and the use of numerical modeling to calculate ground motion that 
created the structural failures. Archaeoseismology is rapidly developing as a multidisciplinary research field where qualitative 
observations and quantitative data can yield valuable seismic parameters of ancient earthquakes. 
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Abstract: Earthquakes have disrupted human societies throughout history and prehistory. Whereas hunter-gatherer cultures 
may have been relatively little affected by seismic events, the built environment of sedentary societies is quite vulnerable to 
collapse of structures by earthquake-induced ground motion. Understanding the severity and frequency of past earthquakes is 
important for understanding the history, consequences, and responses of past societies to these seismic disasters, as well as the 
hazards posed to modern populations. Ambraseys (1971, 1973) was one of the first to advocate the modern use of archaeological 
data to help define a region’s earthquake history and other seismic hazards. Deciphering and dating evidence of earthquake 
damage at archaeological sites is the goal of the modern field of “archaeoseismology”—a term first coined in the paper by Karcz 
and Kafri (1978). The field of archaeoseismology investigates both earthquake collapse horizons within archaeological 
stratigraphic contexts and damaged extant buildings and structures. Many archaeologists have documented “destruction 
horizons,” —i.e., stratigraphic layers that show signs of fire, instantaneous destruction, or massive structural collapse with 
evidence of smashed, in situ vessels and other artifacts on living surfaces, toppled masonry, or other catastrophic building 
failures interpreted as earthquake damage. Earthquake damage is, however, difficult to differentiate from other causes of 
building failures, including static collapse due to lack of maintenance, disrepair, or warfare, slumping or gravitational sliding, 
foundation subsidence, and other geotechnical issues. Understanding the tectonic, geologic, and geomorphic setting of an 
archaeological site has long been recognized as fundamental to understanding archaeoseismic evidence. Recent advances in the 
field include developing means to quantify a earthquake intensity scale for seismic damage at archaeological site, detailed 
mapping of damage to extant archaeological structures, and the use of numerical modeling to calculate ground motion that 
created the structural failures. Archaeoseismology is rapidly developing as a multidisciplinary research field where qualitative 
observations and quantitative data can yield valuable seismic parameters of ancient earthquakes. 
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Abstract: High-energy marine inundation events like hurricanes and tsunamis have the ability to move large boulders and 
create boulder ridges and boulder fields along rocky coastlines. The transport mechanism of megaboulders, defined as a clast 
with a long axis greater that 4 m (Terry and Goff, 2014), is not well understood. Determining the run-up height, areal extent 
of flooding, and direction of transport of boulders moved along coasts from modern events will help to quantify the 
parameters of boulder movement and help to determine the origin of some enigmatic boulder deposits (i.e. hurricane vs. 
tsunami). We report here on a monitoring program of boulders along several rocky shorelines on a small island, San Salvador, 
located on the windward, southeast side of the Bahamian archipelago. The Bahamas are subject to frequent category >4 
hurricanes.  We use field observations since 2005, satellite imagery, and high-resolution photographs from a kite-mounted 
camera and a DJI Phantom 3 advanced drone to monitor boulder movement in recent hurricanes. Before and after imagery 
allow us to determine how boulders have moved. Our data show that a 16-tonne boulder was lifted up a 2-m-high cliff and 
deposited inland in the category 4 Hurricane Francis in 2004. We also document that even category 1 hurricanes can move 
large boulders by sliding. Large boulders available for transport are created by erosional retreat of the shoreline. Deep water 
close to shore and localized coves along the shoreline appear to focus wave energy and increase the transport potential of 
very large boulders. Wave equations that attest to discern between storm and tsunami mechanisms for boulder movement 
do not appear to be accurate. Our data corroborate other studies that have shown that storms rather than tsunamis have 
moved very large boulders, but the upper limit for the size of boulders capable of being transported by a storm surge or rogue 
wave in contrast to a tsunami is still not known. 
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Abstract: Tectonic uplift of the southern Hikurangi Margin is recorded by Pleistocene marine terraces preserved along the south 
coast of the North Island of New Zealand. We employ optically stimulated luminescence (OSL) analysis of overlying deposits, and 
strandline elevations, to quantify uplift across the margin. The highest uplift rate, 1.67 ± 0.08 mm/yr, is recorded by the 
easternmost terrace, ~40 km from the Hikurangi Trough. Uplift decreases monotonically towards the west, to 0.15 ± 0.03 mm/yr 
~70 km from the trough. The long wavelength of uplift suggests that deep-seated processes, most likely subduction of the 
buoyant Hikurangi Plateau and permanent co-seismic uplift resulting from repeated megathrust earthquakes, are responsible 
for the vertical deformation across this region. At distances >70 km from the trough, terraces are vertically offset across the 
major upper plate faults, suggesting that these structures contribute to enhanced uplift rates, while overall uplift is possibly 
related to sediment underplating.  
 
Key words: Hikurangi margin, marine terrace, uplift rates. 
 
 
INTRODUCTION 
 
At the southern Hikurangi Margin, the subduction 
interface between the Australian and Pacific plates, 
beneath the southern North Island of New Zealand, is 
‘locked’ (e.g. Reyners, 1998; Darby & Beavan, 2001; 
Wallace et al., 2004; 2012). It has previously been 
estimated that sudden slip on this locked portion of the 
interface could result in a subduction megathrust 
earthquake of Mw 8.0-8.5 or larger (Reyners, 1998; Wallace 
et al., 2009). Historically, however, no significant (>Mw 7.2) 
subduction earthquake has occurred at the southern 
Hikurangi Margin (Wallace et al., 2009), and the hazard 
from subduction earthquakes to this region, which 
includes New Zealand’s capital city of Wellington, remains 
largely unknown.  
 
Patterns of tectonic deformation at subduction margins 
can provide insight into underlying subduction processes, 
including megathrust earthquakes (e.g. Bradley & Griggs, 
1976; Ghani, 1978; Muhs et al., 1990; Machare & Ortlieb, 
1992; Berryman, 1993; Ota et al., 1996). With the objective 
to provide insight into the relationship of permanent 
vertical deformation to subduction processes at the 
southern end of the Hikurangi Margin, we provide a new 
evaluation of the age and distribution of the flights of late 
Pleistocene marine terraces preserved along the south 
coast of the North Island (Fig. 1). Such geomorphic 
features, when constrained by absolute dating, provide a 
valuable set of data with which to quantify tectonic uplift 
(e.g. Zazo et al., 2003; Pedoja et al., 2006; Wilson et al., 
2007; Matsu’ura et al., 2009; Saillard et al., 2011).  
 
We employ OSL analysis to obtain absolute ages for the 
Pleistocene terraces preserved on the south coast of the 
North Island, many for the first time. Shore platform 
elevations are accurately measured for the first time using 

Global Navigational Satellite Systems (GNSS) surveying. We 
use the surveyed data points (latitude, longitude, 
elevation) to construct a plane of best fit to represent the 
shore platforms and determine their attitudes where they 
are preserved along the coast. Because the ancient 
shorelines are now obscured by coverbed deposits, we use 
the calculated shore platform attitudes to reconstruct 
strandline elevations. These strandline elevations, 
corrected for sea level during their formative highstands, 
have been used to quantify rates of uplift across the 
southern Hikurangi Margin. 
 
RESULTS & DISCUSSION 
 
Seven different-age Pleistocene terraces are preserved 
along the south coast of the North Island, the most 
extensive forming during sea level highstands of Marine 
Isotope Stages (MIS) 5a (~82 ka), 5c (~96 ka), 5e (~123 ka) 
and 7a (~196 ka). The terraces are most continuously 
preserved within the forearc region of the Hikurangi 
Margin, which spans a distance of ~70 km from the 
Hikurangi Trough.  
 
The highest uplift rate of 1.67 ± 0.08 mm/yr is recorded by 
the easternmost preserved terrace, near Cape Palliser, ~40 
km from the trough (Fig. 1, Fig. 2). Here, the MIS 5e terrace 
is tilted by 2.5-2.9° towards the west. At Washpool, the 
uplift rate determined from the younger MIS 5a terrace 
preserved locally is 1.25 ± 0.08 mm/yr.  Moreover, the MIS 
5a terrace at Washpool is also tilted less than the older 
terraces on this coast, with a dip of 1.5° towards the west. 
The lowest rate of uplift, <0.2 mm/yr, is observed at 
Wharekauhau,  ~70 km  from the trough. Overall, in the 
Hikurangi Forearc, uplift monotonically decreases away 
from the trough, despite the fact that uplift rates have 
been determined from different-aged terraces along this 
coast, and terraces are tilted towards the west, with older  
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Figure 1: Lower North Island of New Zealand, showing the major 
active faults (Barnes et al., 1998; Barnes & Audru, 1999; Begg & 
Johnston, 2000; GNS Science Active Faults Database - 
http://data.gns.cri.nz/af/) and field sites of this investigation. 
Cross section of X-X’ profile is shown in Fig. 2. Background satellite 
image from Digital Globe/ TerraMetrics (Google Earth) 2016. Inset 
– Tectonic setting of New Zealand. 
 

 
Figure 2: Schematic cross section X-X’ across southern North 
Island, showing representative topography (exaggerated), uplift 
rates and locations of faults observed to offset the Pleistocene 
marine terraces; ‘BH F.’ is Baring Head Fault, ‘U F.’ is un-named 
fault at Baring Head. Figure modified after Little et al. (2009) and 
updated using data from Begg & Johnston (2000), Henrys et al. 
(2013) and Williams et al. (2013). Subsurface Wairarapa Fault 
location and region of sediment underplating from Henrys et al. 
(2013). 

Figure 3: Pleistocene marine terraces preserved at Tongue Point, 
west of Wellington (see Fig. 1 for location). Three terraces are 
preserved at this site. The main, coastal most terrace here T2, 
formed during MIS 5e (~123 ka) ago. A hummocky strip is all that 
remains of an older, terrace, T3. Remnants of the youngest terrace, 
T1, are not easily viewed in this photograph. Terraces are vertically 
offset, uplifted to the west (right side of fault in this image) by the 
Ohariu Fault. View looking towards the north. 
 

terraces exhibiting the most tilting. This ~30 km long 
pattern of uplift within the forearc suggests that deep-
seated processes are the main contributors to permanent 
vertical deformation, the most likely contenders being 
subduction of the buoyant Hikurangi Plateau and 
permanent uplift resulting from repeated megathrust 
earthquakes. 
 
The marine terraces are vertically offset across upper plate 
faults, most notably in the Axial Ranges, at a distance of 
>70 km from the Hikurangi Trough. The uplift rate at Baring 
Head, west and on the upthrown side of the Wairarapa 
Fault, is as much as 1.59 mm/yr. At Tongue Point (Fig. 3), 
where the Ohariu Fault offsets the marine terraces 
preserved there, uplift calculated from the western, 
upthrown side of the fault is 0.55 ± 0.04 mm/yr, whereas 
uplift calculated from the downthrown side is 0.16 ± 0.04 
mm/yr (see Fig. 2). These vertical offsets suggest that at 
this distance, the major active upper plate faults contribute 
to enhanced uplift rates on the upthrown sides of the 
faults. However, because this entire region is elevated 
overall, uplift here also likely has a deeper source, and is 
possibly related to the sediment underplating previously 
identified beneath this region (Henrys et al., 2013).  
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Abstract: A coastal forest in Misawa, northern Japan, is a place where sandy deposits laid down by the 2011 Tohoku tsunami are 
well preserved in the natural environment. We reviewed this sediment in 2016 when it was covered with soil. The deposits were 
preserved especially well in the undamaged coastal forest. Most of the sites near the inundation limit within the residential area, 
were undetectable in 2016. On average, the inland limit for tracing the deposits reduced 14% in distance and 21% in elevation 
over 5 years. The coastal forest of Misawa is a place where researchers can continue to study the tsunami traces under 
weathering, and it is highly likely to become a worldwide type locality for studying paleotsunami deposits. The remaining tsunami 
deposits are valuable objects that should be effectively and sustainably utilized not only in research but also in disaster prevention 
and education.  
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INTRODUCTION 
 
Tsunami deposits are persuasive evidence for past large 
tsunamigenic earthquakes. They have been used to 
construct recurrence intervals and to estimate the largest 
possible event in a certain area. However, little attention 
has been paid to the possibility that such traces may 
disappear or become undetectable over the years, 
although post-depositional changes to tsunami sediment 
has been inferred to be significant in some studies 
(Szczuciński, 2012; Spiske et al., 2013). The disappearance 
of the trace can be caused by human activity and occurs in 
the natural environment. The 2011 Tohoku-Oki tsunami 
deposits provide an opportunity not only to study the 
formation process of the deposit but also to observe their 
weathering and subsequent processes.  
 
We investigated the preservation and disappearance of 
tsunami deposits that formed in the 2011 Tohoku-Oki 
tsunami along the Misawa coast, Aomori Prefecture, 
northern Japan, where the 2011 tsunami height was 5 to 
10 m above mean sea level and the inundation distance is 
200-500m. Figure 1 shows our study area, and Figure 2 
shows views of the tsunami affected area taken in April 
2011 and in September 2016.  
 
PRESERVATION AND DISAPPEARANCE OF THE TSUNAMI 
DEPOSITS 
 
How the tsunami deposits are influenced  
Nakamura et al. (2012) described the thickness, facies, and 
structure of the sandy tsunami deposits at 13 profiles along 
the Misawa coast in April 2011, less than one month after 
the tsunami. In September 2016, we revisited all the sites 
studied by Nakamura et al. (2012) and found that the 
deposits were still preserved at 68 sites (50% of all sites). 
The deposits were well preserved especially in the 
undamaged coastal forest, where the deposits have been 

covered with newly developed soil and their thicknesses 
are not changed significantly (figure 3). Meanwhile, at the 
seaside forest where trees were knocked over or heavily 
damaged by the tsunami, they were removed during the 
reconstruction process and new planting has started, and 
there the 2011 tsunami deposits have disappeared. At 
most of the sites near the inundation limit within 
residential areas, the deposits were undetectable in 2016, 
because of human activity and weathering by rain and wind. 
Weathering has progressed even in the process of deposits 
being buried by new soil formation. 
 

 
Figure 1: Location of our observation profiles along the Misawa 
coast, Aomori prefecture, Japan. The coast has a sandy beach and 
coastal forest. The forest was developed to provide protection from 
wind-blown sand and tsunami disasters about one hundred years 
ago. The 2011 tsunami destroyed the seaward parts of forest and 
inundated across the forest in some places. 
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Figure 2: View of traces of the 2011 tsunami near the coast (A, D), in 
the coastal forest (B, E), and near the inundation boundary. A, B and 
C were taken in April 2011, and D, E and F were in September 2016.  
 
Preservation states of the deposits 
Thirteen observation profiles studied by Nakamura et al. 
(2012) and re-examined by us are shown in Figure 1. Each 
profile is 230 to 550 m long and has 3 to 22 excavation sites 
(in total 137). Figure 4 shows the features of preservation 
and disappearance of the deposits for all profiles and sites. 

 
Figure 3: The 2011 sandy deposits preserved in the coastal forest. 
The sand layers were well preserved in the dark mid-forest (A). In 
contrast, deposits were significantly disturbed by plant growth 
where there were numerous grasses  growing (B).   
 
The thickness of the sandy deposits in 2011 and 2016 and 
the tsunami inundation limits are also plotted. Our results 
are summarized in Figure 5. We found preservation state 
of the tsunami deposit increased from the coast to the 
forest and suddenly decreased in the residential area. 
This is because of reconstruction near the coast and high 
preservation potential in the forest. Note that about half 
of thin deposits (less than 2 cm) even in 2011 were 
detectable in 2016.  
 

 

 
 

Figure 4: Preservation and disappearance of the 2011 tsunami deposits at 137 observation sites on 13 profiles. Color bars show thickness of the 
tsunami deposits observed in 2011 (lower) and in 2016 (upper) at survey points on the 13 profiles by Nakamura et al. (2012). Red circles are sites 
where the deposits are identifiable after 5 years. White and blue rectangles are sites where the deposits were removed by human activity. Green 
triangles are sites where the deposits were not identified in spite of having been in the natural environment. White arrows indicate the tsunami 
inundation limits
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Figure 5:  Preservation and disapearance of the deposits as related 
to their original thickness and distance from the sea as obtained in 
2011 by Nakamura et al., 2012 (a). In histograms (b & c), gray bars 
are for all counts and red are for those preserved. Preservation 
state is also shown at the top of the figure (d).  The vertical axis is 
the ratio to the all of the preserved. The color continuously changes 
from 1 (red) to 0 (blue).   
 
 
INUNDATION BOUNDARY VS TRACE BOUNDARY 
 
In 2011, Nakamura et al. (2012) traced the tsunami 
deposits up to the tsunami inundation limits for 4 profiles 
of the 13 profiles. However, in 2016, the deposits near the 
boundary for these 4 profiles were not detectable even 
though 3 of them were in the forest and not expected to 
have been disturbed by human activity. It may be because 
the thin and fine deposits were blown away by wind while 
on the ground surface or scattered in the soil during plant 
growth. Of the other 9 profiles, there were only 3 of them 
for which we could trace the deposits in 2016 up to the 
2011 boundary. Figure 6 shows inundation limits of the 
tsunami, deposition limits in 2011 and those in 2016 for 
each profile. Inland limits of the deposits thicker than 2cm 
were also plotted, supposing only thick deposits remain 
detectable in the future. On average, the inland limit for 
tracing the deposits reduced 14% in distance and 21% in 
elevation. This information could be useful for evaluating 
tsunami inundation based on deposit distribution for 
historical or prehistorical events. 
 

 

TSUNAMI DEPOSITS AS DISASTER ARCHIVES 
 
The Misawa coast is a valuable place not only to study the 
formation process of the 2011 tsunami deposits but also to 
examine their preservation potential and weathering in the 
natural environment. Therefore, the coastal forest in 
Misawa is highly likely to become a useful type locality for 
studying paleotsunami deposits.  
 
The remaining tsunami deposits can be considered a 
disaster archive that should be effectively and sustainably 
utilized for societal benefit. This could include, for example, 
not only research, but also excursions for the local people 
and displays of deposit peals in public facilities to promote 
disaster prevention education. 
 

 
Figure 6: Inundation limits of the 2011 tsunami, inland limits of the 
deposit distribution observed in 2011 and in 2016 for each profile. 
Inland limits of the deposits thicker than 2cm were also plotted. 
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Abstract: We investigate coastal deformation in the 2016 Mw 7.8 Kaikōura earthquake by differencing airborne lidar topography 
data surveyed in 2012 and late 2016. The 90 km-long, 1 km-wide strip of lidar double-coverage crosses coastal outcrops of the 
Hundalee, Hope, Papatea and Kekerengu faults, and also extends inland for several kilometers along the Papatea fault. We 
compute the three-dimensional coseismic surface displacement field using new adaptations of the Iterative Closest Point 
algorithm. Resulting surface displacements are in good agreement with independent measurements, but with better spatial 
coverage (over field and GPS data) and improved coherence (over InSAR). We observe multiple-wavelength signals related to 
oblique rupture of shallow upper plate faults, off-fault deformation, and possibly slip on the underlying plate interface. The 
complex coastal uplift pattern should prompt reassessment of coastal paleoseismic and marine terrace records that may not 
have considered multiple-fault ruptures of this type.  
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INTRODUCTION 
 
The 13 November 2016 Mw 7.8 Kaikōura (New Zealand) 
earthquake cascaded across a fractured array of onshore 
and offshore reverse, strike-slip and oblique-slip faults 
within the Marlborough Fault System (Hamling et al., 
2017). At least twenty distinct faults are known to have 
slipped coseismically (Stirling et al., 2017), making this one 
of the most complicated earthquakes on record globally. 
These faults mark the transition between westward 
subduction of Pacific oceanic lithosphere beneath the 
North Island, and continental strike-slip along the Alpine 
Fault in the South Island (Wallace et al., 2012). The 
Kaikōura earthquake therefore offers insights both into the 
rupture process of a major, multi-segmented earthquake 
and into the regional fault kinematics. 
 
The Kaikōura earthquake was well-recorded by field 
surveys (Clark et al., 2017; Stirling et al., 2017), by satellite 
optical sub-pixel correlation (Hollingsworth et al., 2017; 
Kääb et al., 2017) and InSAR (Hamling et al., 2017), and by 
regional and teleseismic seismometers (Bai et al., 2017; 
Duputel & Rivera, 2017; Kaiser et al., 2017; Zhang et al., 
2017). However, due in part to the complexity of the 
surface deformation and seismic wave fields, the relative 
importance of the constitutive faults and their geometries 
at depth remain uncertain. In particular, the presence or 
absence of coseismic slip on the southernmost Hikurangi 
subduction megathrust has been subject to much debate 
(e.g. Bai et al., 2017; Furlong & Herman, 2017; Hamling et 
al., 2017; Clark et al., 2017). Whether or not rupture 
segments with disconnected surface traces are linked at 
depth is of general importance for understanding of how 
earthquakes propagate and terminate (e.g. Wesnousky, 
2006; Nissen et al., 2016). This question is of fundamental 
significance to the field of paleoseismology, since it 
informs how to interpret overlapping paleo-earthquake 
ages from trench sites on neighbouring but distinct faults. 

The aim of this project is to provide additional constraints 
on source faulting in the Kaikōura earthquake using paired 
airborne lidar surveys undertaken in 2012, four years 
before the earthquake, and in late 2016, during the weeks 
after it. By mapping topography at a finer (sub-meter) 
spatial resolution than coseismic slip (up to several meters 
in this earthquake), lidar has the potential for revealing 
details of the earthquake that satellite-based imaging may 
have overlooked. However, to our knowledge this is only 
the seventh earthquake globally, and the first coastal 
event, to be captured (to any extent) with “before” and 
“after” lidar topography, and methodologies for 
differencing high-resolution topographic datasets are still 
in a nascent phase (e.g. Leprince et al., 2011; Borsa & 
Minster, 2012; Oskin et al., 2012; Nissen et al., 2012). An 
additional motivation of ours is therefore to use the 
Kaikōura earthquake as a test case for improving the ways 
in which repeat topography data are analyzed. 
 
METHODS 
 
The Kaikōura coastline was mapped with airborne lidar in 
July 2012 and again in the weeks following the earthquake, 
providing a narrow (ca. 0.5 – 4 km), ca. 90 km-long coastal 
strip of repeat, sub-meter resolution topography. Details 
of the two surveys are provided in Clark et al. (2017). In this 
updated analysis, we additionally exploit newly-available 
lidar double coverage inland of the coastline along the 
lower Clarence River valley, capturing much of the Papatea 
fault rupture. 
 
We applied two complementary approaches to mapping 
the surface deformation. Initially, we were most interested 
in deciphering the vertical component of deformation. The 
most convenient method for doing so is to subtract digital 
elevation models of the 2012 lidar survey from those of the 
2016 survey (a “DEM of Difference”). This is also the most 
computationally-manageable approach – since it relies 
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airborne lidar surveys undertaken in 2012, four years 
before the earthquake, and in late 2016, during the weeks 
after it. By mapping topography at a finer (sub-meter) 
spatial resolution than coseismic slip (up to several meters 
in this earthquake), lidar has the potential for revealing 
details of the earthquake that satellite-based imaging may 
have overlooked. However, to our knowledge this is only 
the seventh earthquake globally, and the first coastal 
event, to be captured (to any extent) with “before” and 
“after” lidar topography, and methodologies for 
differencing high-resolution topographic datasets are still 
in a nascent phase (e.g. Leprince et al., 2011; Borsa & 
Minster, 2012; Oskin et al., 2012; Nissen et al., 2012). An 
additional motivation of ours is therefore to use the 
Kaikōura earthquake as a test case for improving the ways 
in which repeat topography data are analyzed. 
 
METHODS 
 
The Kaikōura coastline was mapped with airborne lidar in 
July 2012 and again in the weeks following the earthquake, 
providing a narrow (ca. 0.5 – 4 km), ca. 90 km-long coastal 
strip of repeat, sub-meter resolution topography. Details 
of the two surveys are provided in Clark et al. (2017). In this 
updated analysis, we additionally exploit newly-available 
lidar double coverage inland of the coastline along the 
lower Clarence River valley, capturing much of the Papatea 
fault rupture. 
 
We applied two complementary approaches to mapping 
the surface deformation. Initially, we were most interested 
in deciphering the vertical component of deformation. The 
most convenient method for doing so is to subtract digital 
elevation models of the 2012 lidar survey from those of the 
2016 survey (a “DEM of Difference”). This is also the most 
computationally-manageable approach – since it relies 
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only upon regularly-gridded (rasterized) data – and 
furthermore it can be undertaken at close to the full 
resolution of the lidar data. However, a key limitation is 
that lateral motions are neglected; raw elevation changes 
are influenced by horizontal displacement magnitude and 
azimuth, slope aspect and angle, and topographic 
roughness, all of which can obscure the true vertical 
deformation signal (Oskin et al., 2012; Duffy et al., 2013).  
 
However, restricting the calculations to flat, smooth parts 
of the topography greatly reduces such biasing, such that 
the simple elevation change closely resembles the true 
vertical displacement (Clark et al., 2017). Therefore, we 
restricted the DoD calculations to areas with slopes of <5°. 
Because our focus is on coseismic displacements, rather 
than erosional or depositional processes, we also removed 
riverbeds, beaches and landslides from the analysis. 
Finally, we also found that applying an additional cut-off in 
surface area further enhanced the signal-to-noise, 
reducing localized scatter in elevation changes to typically 
ca. 1 m for areas of <10 m2, and ca. 0.5 m for larger areas 
of <2000 m2.  
 
In the second approach, we compute the three-
dimensional coseismic surface displacement field through 
local registrations (alignments) of the 2012 and 2016 lidar 
point clouds. This has the obvious advantage of accounting 
fully, and equitably, for the three components of the 
deformation field, but comes at the expense of spatial 
resolution, since the datasets must be correlated over an 
area that greatly exceeds the raw lidar point spacing. 
Working well with irregular point clouds, this approach is 
truest to the original data but also challenging 
computationally. 
 
Various algorithms have been proposed to determine 
three-dimensional deformation from repeat topographic 
data (Leprince et al., 2011; Borsa & Minster, 2012; Nissen 
et al., 2012; Zhang et al., 2015; Moya et al., 2017). We 
develop and apply our own adaptation of the Iterative 
Closest Point (ICP) point cloud registration algorithm (Besl 
& McKay, 1992; Chen & Medioni, 1992), building upon 
previous work by Nissen et al. (2012, 2014) and Glennie et 
al. (2014). The pre- and post-earthquake point clouds are 
first filtered to remove vegetation and building laser 
returns, and then split into overlapping square cells. Each 
pre-earthquake cell is then aligned with its equivalent post-
event cell by minimizing closest neighbour distances, 
through an iterative sequence of rigid body translations 
along and rotations about the x (North-South), y (East-
West) and z (up-down) coordinate axes. For each pair of 
cells, the summed translation over all iterations defines the 
local coseismic surface displacement; repeated across the 
entire scene, the displacement field is mapped.  
 
We explored various implementations of ICP, including 
point-to-point and point-to-plane varieties as well as a new 
“sparse ICP” approach that iteratively re-weights the point 
clouds to lend greater prominence to those points which 
held more influence during the previous iteration (Bouaziz 
et al., 2013). The iterative re-weighting acts to reduce the 

influence of outlier points, which can otherwise potentially 
lead regular ICP towards local, rather than global, minima 
in the registration misfit. After trial and error, we find that 
50 m-wide cells provide the best balance of high spatial 
resolution and displacement robustness. However, we also 
implement a “sliding window” option that allows 
additional densification of the displacement field. 
 
Our ICP approach is implemented within a single MATLAB 
script and requires no other dependencies, and is available 
upon request to the authors.  
 
RESULTS 
 
Elevation change results are plotted on a SW – NE-oriented 
line of projection that approximately parallels the Kaikōura 
coastline (Figure 1a, reproduced from Clark et al., 2017). 
We discuss the elevation change profile at length in Clark 
et al. (2017), and provide only a brief summary of our 
observations below. 
 
Several interesting trends are apparent. Abrupt vertical 
offsets related to slip on the Hundalee fault (Figure 1b) and 
the double-stranded Papatea fault (Figure 1d) are clear, 
though we observe no such displacement across the Hope 
fault. Broader (ca. 10 km length scale) swells of uplift 
northeast of the Hundalee fault and southwest of the 
Papatea fault are probably related to slip at depth on these 
faults. Highly localized (200 – 400 m length scale) 
subsidence of up to ca. 3 m around the Kekerengu fault is 
harder to interpret, as it occurs on both sides of the fault 
(Figure 1a). This may be related to bulk material processes 
such as fault zone dilatancy rather than elastic slip on the 
Kekerengu fault, which would give rise to a much broader 
displacement pattern.  
 
A broad swell of uplift is observed from ca. 4 km south to 
ca. 16 km north of the Kaikōura Peninsula (Figure 1a), and 
the peninsula itself appears to have been tilted slightly 
towards the NW (Figure 1c). These signals do not appear 
related to any of the faults that cross the area of lidar 
double coverage, and marine surveying indicates that the 
Hundalee fault rupture probably terminates south of the 
peninsula (Clark et al., 2017). The signal appears too abrupt 
to be explained by slip on the subduction interface, which 
is at ca. 19 km depth in this area. We tentatively ascribe 
this deformation to slip on an offshore reverse fault that 
strikes SW and dips ca. 35o beneath Kaikōura peninsula. 
Slip on this structure may be responsible for the ca. 2 m sea 
level draw-down observed on a tide gauge at Kaikōura over 
ca. 24 minutes after the earthquake. 
 
An example of our three-dimensional deformation 
measurements is shown in Figure 2, from along a section 
of the Papatea fault rupture in the Clarence River valley.  
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Figure 1: reproduced from Clark et al. (2017). (a) Elevation changes 
projected onto a 35°-trending straight line which parallels the 
Kaikōura coastline. The profile is centered (x = 0) at the Papatea 
fault and vertical dashed lines mark locations of major faults at the 
coastline. Vertical bars show 95% confidence bounds on field 
coastal uplift measurements and GPS-derived vertical 
displacements (the latter are barely visible at this scale). Coloured 
points represent elevation changes calculated from overlapping 
surface areas >2000 m2; the grey points represent surface areas 
>10 m2. (b) Detail across the Hundalee fault. (c) Coastline-
perpendicular uplift profile (azimuth 125°, projection center at 
Kaikōura township) showing tilting across the Kaikōura Peninsula. 
(d) Detail across the Hope and Papatea faults. 

Spurious ICP results, caused by changes to internal cell 
topography such as along the Clarence River, have been 
filtered from the figure. Work towards reproducing the full 
displacement field is ongoing, reflecting in part the 
computational challenge of manipulating very large point 
cloud datasets (hundreds of gigabytes). 
 
Left-lateral and vertical offsets across the Papatea rupture 
are clearly resolved in the displacement field. A parallel 
strand of faulting around ca. 1 km west of the Papatea fault 
can also be observed, upthrown to the east and with a 
small left-lateral component. Furthermore, absolute 
motions of the two sides of the Papatea fault can be 
determined. The block west of it moved several meters 
southwards and upwards, whereas the block east of it 
remained relatively stationary, moving only a little towards 
the west (in good agreement with coarser-resolution SAR 
pixel offset results; Hamling et al., 2017).  
 
Displacement vectors appear remarkably consistent even 
around the highly-sinuous trace of the rupture. This implies 
that the slip vector is quite constant even as the style of 
faulting changes around the fault bends. In the northwest 
part of the scene, the NW-SE-trending scarp 
accommodates left-lateral strike-slip with very little fault-
normal motion (despite the clear vertical offset). In the 
southeast part of the scene, the N-S-trending scarp 
accommodates roughly equal amounts of left-lateral 
strike-slip and shortening.  

 
 
Figure 2: ICP results from part of the Papatea fault, using a cell size 
of 50 m, a slide of 25 m, and point-to-plane ICP. The panels show 
E-W, N-S and up-down displacements, respectively. The general 
sense of the horizontal motions is shown on the final panel by black 
arrows. Coordinates are given in meters in the NZTM2000 
coordinate system. 
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Abstract: The evaluation of thrust paleoearthquakes and associated fault scarps is often hampered by the size of their cumulative 
scarps and interaction with sedimentary processes during interseismic periods. Paired with areas undergoing low strain 
accumulation with long recurrence intervals and environments, which provide limited datable material, an event chronology 
becomes even more difficult to develop. In our trenching study in alluvial fans in the semiarid Tien Shan, we used radiocarbon 
and IRSL dating, and complemented that by dating pedogenic carbonate coating with the U-series method to improve age 
information on seismogenic deformation on longer timescales. In addition, if these are cross-checked with radiocarbon ages, U-
series ages might also highlight potential reservoir effects in pedogenic carbonate ages. Besides numeric ages, carbonate coating 
on clast undersides provide relative age constraints based on the relation between their orientations and seismic deformation, 
further improving the earthquake age models. 
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INTRODUCTION 
 
The improvement of quality and quantity of potential 
earthquake maps in continental seismic zones relies on a 
combination of instrumental records with extended 
archives of historic earthquakes, and data derived from 
paleoseismological studies. The reliability of the latter 
depends on structural interpretation combined with 
relative and absolute geochronology. However, a 
meaningful age model is often hampered by the poor 
availability and quality of datable material. This is 
especially the case in semiarid regions, where grass 
dominated vegetation leads to a lack of organics for 
radiocarbon based dating. Further, if alluvial and fluvial 
deposits characterize those areas, optical stimulated 
luminescence (OSL) dating is often limited due to 
insufficient grain sizes and/or abundance of quarz. 

 
Here we present the application of pedogenic carbonate 
coatings on clast undersides as an additional relative time 
constraint and for absolute age control through U-series 
dating to complement established methods like OSL and 
radiocarbon dating. 
 
STUDY AREA 
 
The Issyk-Ata fault defines the northern most deformation 
front of the Kyrgyz Range in the northern Central Tien Shan 
(Figure 1). The south-dipping fault with reverse to thrust 
sense of motion has an approximate extend of 120 km in 
the east-west direction (Abdrakhmatov, 1988; Chediya et 
al., 1998; Thompson et al., 2002; Bullen et al., 2003; 
Macaulay et al., 2014). 
 

 
Figure 1: Seismological overview of the Northern Tien Shan with the location of the trenching study indicated by the green star. Circles include 
historic (light) and instrumental (dark) earthquakes (ComCat, USGS). The earthquake sequence that affected that area in the 19th to 20th century 
is labeled with year and magnitude. Red polygons indicate areas of associated earthquake intensities (MSK64 scale). Single intensities are labeled 
by white roman numerals. (modified after Patyniak et al. 2017). 



8TH INTERNATIONAL PATA DAYS 2017                           PROGRAMME297

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
 
 

Paleoseismic Study Enhanced by U-Series Geochronology of Pedogenic Carbonate from Displaced 
Fluvial Gravel Deposits, Issyk-Ata Fault, Central Tien Shan, North Kyrgyzstan 

 
Patyniak, Magda (1), Landgraf, Angela (1), Dzhumabaeva, Atyrgul (2), Abdrakhmatov, Kanatbek (2), Fohlmeister, Jens (1,4), Rosenwinkel, 

Swenja (1), Korup, Oliver (1), Preusser, Frank (3), Arrowsmith, Ramón J. (5) and Strecker, Manfred R. (1) 
 
(1)    Institute of Earth and Environmental Sciences, University of Potsdam, K.-Liebknecht Str. 24-25, D-14476 Golm, Germany. 
         Email: patyniak@uni-potsdam.de 
(2)    Institute of Seismology, National Academy of Science of Kyrgyzstan, Bishkek, Kyrgyzstan 
(3)    Institute of Earth and Environmental Sciences, University of Freiburg, Freiburg, Germany 
(4)    Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, Potsdam, Germany 
(5)    School of Earth and Space Exploration, Arizona State University, Tempe, AZ, USA 
 
 
Abstract: The evaluation of thrust paleoearthquakes and associated fault scarps is often hampered by the size of their cumulative 
scarps and interaction with sedimentary processes during interseismic periods. Paired with areas undergoing low strain 
accumulation with long recurrence intervals and environments, which provide limited datable material, an event chronology 
becomes even more difficult to develop. In our trenching study in alluvial fans in the semiarid Tien Shan, we used radiocarbon 
and IRSL dating, and complemented that by dating pedogenic carbonate coating with the U-series method to improve age 
information on seismogenic deformation on longer timescales. In addition, if these are cross-checked with radiocarbon ages, U-
series ages might also highlight potential reservoir effects in pedogenic carbonate ages. Besides numeric ages, carbonate coating 
on clast undersides provide relative age constraints based on the relation between their orientations and seismic deformation, 
further improving the earthquake age models. 
 
Key words: Pedogenic Carbonate, Geochronology, Paleoseismology, Issyk-Ata Fault, Tien Shan 
 
 
INTRODUCTION 
 
The improvement of quality and quantity of potential 
earthquake maps in continental seismic zones relies on a 
combination of instrumental records with extended 
archives of historic earthquakes, and data derived from 
paleoseismological studies. The reliability of the latter 
depends on structural interpretation combined with 
relative and absolute geochronology. However, a 
meaningful age model is often hampered by the poor 
availability and quality of datable material. This is 
especially the case in semiarid regions, where grass 
dominated vegetation leads to a lack of organics for 
radiocarbon based dating. Further, if alluvial and fluvial 
deposits characterize those areas, optical stimulated 
luminescence (OSL) dating is often limited due to 
insufficient grain sizes and/or abundance of quarz. 

 
Here we present the application of pedogenic carbonate 
coatings on clast undersides as an additional relative time 
constraint and for absolute age control through U-series 
dating to complement established methods like OSL and 
radiocarbon dating. 
 
STUDY AREA 
 
The Issyk-Ata fault defines the northern most deformation 
front of the Kyrgyz Range in the northern Central Tien Shan 
(Figure 1). The south-dipping fault with reverse to thrust 
sense of motion has an approximate extend of 120 km in 
the east-west direction (Abdrakhmatov, 1988; Chediya et 
al., 1998; Thompson et al., 2002; Bullen et al., 2003; 
Macaulay et al., 2014). 
 

 
Figure 1: Seismological overview of the Northern Tien Shan with the location of the trenching study indicated by the green star. Circles include 
historic (light) and instrumental (dark) earthquakes (ComCat, USGS). The earthquake sequence that affected that area in the 19th to 20th century 
is labeled with year and magnitude. Red polygons indicate areas of associated earthquake intensities (MSK64 scale). Single intensities are labeled 
by white roman numerals. (modified after Patyniak et al. 2017). 
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The western most tip of the Issyk-Ata fault ruptured in A.D. 
1885 (Belovodskoe; M = 6.9), initiating a remarkable 
sequence of large-magnitude earthquakes (M > 6.9) that 
affected the Northern Tien Shan at the turn of the 19th to 
the 20th century (e.g., Bogdanovich et al., 1914; Kalmetieva 
et al., 2009; Kulikova and Krüger, 2015). However, almost 
the entire eastward extend of the fault was left unruptured 
during this ~50-year long sequence. 
 

 
Figure 2: Close-up images of polished cross-sections of two sample 
clasts and carbonate coating on their undersides. Left column with 
a 10x and right column with 40x magnification. (modified after 
Patyniak et al. 2017) 
 
The Belek site is located ~20 km NE of the potential 
Belovodskoe earthquake epicenter and ~25 km SW of 
Bishkek, the capital city of Kyrgyzstan (Figure 1). At this 
site, the prominent scarp of the Issyk-Ata fault can be 
traced for roughly 1 km in east-west direction. The fault 
displays a distinct north-facing fault scarp cutting through 

an alluvial fan constituting Upper Pleistocene and 
Holocene deposits (Burg et al., 2004) and intersecting a 
part of the northern margin of the Kyrgyz Range. 
 
GEOCHRONOLOGY 
 
Key units pre- or postdating interpreted surface rupturing 
features from both trench walls were sampled to provide 
a representative range of maximum and minimum ages to 
provide a chronological earthquake history of the Belek 
site. For sediment deposition ages, we dated fine-grained 
material using IRSL dating. Further, we applied radiocarbon 
dating on organic material incorporated into the 
sediments. Finally, as additional method we applied the U-
series dating on pedogenic carbonate coating from clast 
undersides as representatives of phases of stable soil 
formation conditions. 
 
We used carbonate coatings of four pebble samples with a 
thickness ranging between 0.1 – 0.4 mm (Figure 2). The 
pre-preparation included a mechanical removing of the full 
amount of each coating that was subsequently leached in 
a weak acid. U and Th were separated following the 
method described in Douville et al. (2010). Isotopic 
measurements were conducted using MC-ICP-MS (Thermo 
Fisher Neptune/Finnigan Neptune) at the Institute of 
Environmental Physics at Heidelberg University. More 
information about the instrumentation and measurement 
protocols is provided in Arps et al. (in review). 
 
By using OxCal radiocarbon calibration and v4.2 analysis 
software (Bronk Ramsey, 2013) with the IntCal13 
calibration curve for 14C (Reimer et al., 2013) we computed 
probability density functions (PDF) representing the age of 
the rupture events based on all obtained ages. 

 

 
Figure 3: Above: Trench log of the west wall including a sketch of clast orientation and associated orientation of carbonate coatings in different zones 
throughout the hanging wall. Below: Close up into the defined zones with the carbonate coating orientation on clast undersides outlined in yellow. 
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PALEOSEISMOLOGY AT THE BELEK SITE 
 
The trench was excavated with dimensions of 18 x 2.5 x 2 m 
(length x width x depth) perpendicular to the fault scarp, 
which has a height of 8 m and a total vertical offset of 6.8 m. 
 
Trench Stratigraphy 
The exposed strata are mainly composed of alluvial and 
fluvial gravel and boulders in the hanging wall south of the 
fault zone. They can be distinguished by two separated 
zones of rotated clasts with respect to the surrounding 
material, which are subparallel to the fault strands (Figure 
3). In the unconsolidated gravel deposits, distinct 
carbonate-rich horizons with different stages of carbonate 
accumulation can be observed throughout several units. 
Within these units and in the fault zones, we note clasts 
that are coated with carbonated coating on their 
undersides. The footwall in turn predominantly shows a 
massive loess unit that is intersected and overlain by a 
succession of coarse colluvial and finer wash deposits. 
 
Evidence for Earthquakes 
The up-thrust sense of the hanging wall is reflected by one 
distinct carbonate cemented unit that was used as an 
offset marker. To determine the number of earthquakes 
that affected this site, we focused on the wedge shaped 
and colluvial deposits representing the direct link to 
surface rupturing seismic events. Based on these and the 
two fault zones we count at least three earthquakes. The 
carbonate coatings show different orientations between 
non-faulted and faulted zones that can be separated into 
three different styles: (1) non-faulted strata in the hanging 
wall with horizontally oriented coatings, (2) fault zone F1 
with rotated clasts but horizontally oriented coatings, and 
(3) fault zone F2 with rotated clasts and carbonate coating 
(Figure 3; black, purple and red box). 
 
Timing of past earthquakes 
The interplay of the orientation of the clasts and the 
carbonate coating was used to build our interpretation for 
relative timing between the three events as follows: (1) the 
horizontally oriented carbonate coatings on the undersides 
of clasts define carbonate cementation in the original, 
undisturbed stratigraphic context; (2) therefore, rotated 
clasts with horizontally oriented carbonate coating imply 
that the rupture along this fault strand happened before 
the carbonate coating; (3) rotated clasts with non-
horizontal carbonate coatings indicate rupture after 
carbonate precipitation. Combining this information with 
the colluvial package relative positions, we inferred that at 
least two earthquakes ruptured along F1 before faulting 
apparently migrated southward into the hanging wall, 
rupturing along F2 at least one more time. Further, all 
earthquakes that ruptured along F1 must be older than the 
precipitation age of the carbonate coatings. 
 
The probabilistic timing and associated uncertainties of the 
inferred earthquakes were modeled by combining the 
minimum and maximum ages in OxCal, resulting in 
earthquake timing before 10.5 ± 1.1 cal ka BP (EQ1), in the 
range of 5.6 ± 1.0 cal ka BP (EQ2), and at about 626 ± 95 cal 
a BP (EQ3). 

DISCUSSION 
 
Excavation across the Belek fault scarp reveals two shear 
zones that are clearly distinguishable by two areas of 
rotated clasts. The pedogenic carbonate coatings 
underneath those clasts provided relative ages of the two 
fault zones and allowed a conclusion of fault propagation 
into the hanging wall, a common phenomenon observed in 
other cumulative thrust-fault systems (e.g., Tsukuda et al., 
1993; Yeats et al., 1997; McCalpin, 2009). 
 

 
Figure 4: Osmond (A) and Rosholt (B) type diagrams of U and Th 
isotope analysis. The y-axis intercept of the Osmond plots gives the 
234U/238U and 230Th/238Uisotope ratios of the detrital-free 
carbonate phase. Both isotope ratios are determined by the slopes 
of the lines in the Rosholt-type diagrams. In all plots the four 
samples span a large range and fit well on straight lines. The linear 
regressions are shown. (modified after Patyniak et al. 2017) 
 
For U-series dating we used four carbonate samples. U-
series disequilibrium age determination is made through 
single sample correction methods, where the detrital U 
and Th contribution are subtracted from individual  
 
measurements. All four sample showed a high amount of 
U (6-9 ng/g), but three of the four also showed large 
detrital inputs, manifested in the high 232Th concentration 
(1-3 ng/g). Consequently, only one sample with a 
sufficiently low 232Th content enabled an age calculation. 
All other resulted in large age error and thus ages are not 
provided. 
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To solve the problem, whether the age of this one sample 
is representing a real age or not, we calculated isochrones 
to determine the timing. The fact that all four clasts with 
carbonate coatings were sampled in the same location 
next to each other allows us to assume that the carbonate 
formed at roughly the same time. If this is the case and the 
source of detritus is the same for all coatings, then all the 
samples should form straight lines in appropriate U and Th 
isotope ratio plots. The y-intercepts of Osmond-type 
diagrams (232Th/238U vs. 230Th/238U and 232Th/238U vs. 
234U/238U) or the slopes of Rosholt-type diagrams 
(230Th/232Th vs. 238U/232Th and 234U/232Th vs. 238U/232Th) can 
be used to determine the (230Th/238U) and (234U/238U) ratios 
of detritus-free carbonate (Osmond et al., 1970; Rosholt, 
1976). As shown in figure 4, the results of both types of 
plots do show a high correlation and thus provide precise 
ratios of 230Th/238U and 234U/238U. Therefore, we assume 
that the resulting ages are similar to each other with 
respect to errors and correlate with the age determined for 
sample T2e-3. 
 
To provide unambiguous data for earthquake age 
modeling and well-constrained PDFs, and to avoid broadly 
shaped PDFs, a large number of overlapping maximum- 
and minimum-limiting ages is needed (Lienkaemper and 
Williams, 2007; Lienkaemper and Ramsey, 2009; DuRoss et 
al., 2011). This was accomplished by combining different 
chronometers, which in addition showed consistencies in 
the ages of units on both walls and within the same units 
across sample materials and dating methods, further 
resulting in correct stratigraphic order. 
 
CONCLUCIONS 
 
Here, we performed a stratigraphic and structural 
analysis of a paleoseismic trench at the Belek site along 
the Issyk-Ata fault in the Northern Tien Shan. In addition 
to reliable IRSL and radiocarbon dating, we further dated 
pedogenic carbonates to produce a probabilistic 
paleoseismic history. We distinguish at least three 
surface-rupturing paleoearthquakes. Interestingly, the 
1885 A.D. Belovodskoe (M = 6.9) earthquake that 
ruptured along the westernmost part of the Issyk-Ata 
fault, approximately 20 km west of our study site, could 
not be identified in our trench. 
 
The complementary dating method by means of Th/U 
disequilibrium dating was successfully applied to date 
several secondary precipitated carbonates such as 
stalagmites, corals or travertines. The calculation of 
isochrones enabled us to determine the timing of the 
building of the carbonate coating despite large detrital 
inputs in three out of the four samples. 
 
Besides the absolute ages derived from all three dating 
methods, we used the orientation of the carbonate 
coating as a relative time constraint. This not only 
reinforced the event chronology, but also confirmed our 
absolute age control. 
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Abstract: Geological research in the immediate aftermath of the 2016 Kaikōura Earthquake, New Zealand, was necessary due 
to the importance and perishability of field data. It also reflects a real desire on the part of researchers to contribute not only to 
immediate scientific understanding but also to the societal recovery effort by enhancing knowledge of the event for the benefit 
of affected communities, civil defence organizations and regional and national decision makers. This commitment to outreach 
and engagement is consistent with the recent IAPG statement of Geoethics. More immediately, it was informed by experience 
of the 2010-2011 Canterbury Earthquake sequence. After that earlier disaster, intense interactions between researchers and 
various response agencies as well as local communities informed the development and dissemination of a set of ethical 
guidelines for researchers immediately following the Mw7.8 14 November 2016 Kaikōura Earthquake. In this presentation, I 
argue that ethical engagement of this kind is the key to gathering high quality research data immediately after the event. 
Creating trusting and mutually respectful, mutually beneficial relationships is also vital to ongoing engagement to facilitate 
further “in depth” research in collaboration with communities.  
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INTRODUCTION 
 
A balance of opportunities and risks 
After the Mw7.8 14 November 2016 Kaikōura Earthquake 
time was of the essence in gathering data on the physical 
features that resulted. The bulk of fault ruptures in the 
Waiau region in North Canterbury following the Kaikōura 
Earthquake are situated in highly erodible marine siltstone. 
A wet autumn and winter and the everyday needs of the 
rural community resulted in rapid deterioration of field 
evidence, as locals worked to restore crucial lifelines (i.e. 
water supply, roads and fences), farm infrastructure (e.g. 
woolsheds, milking sheds) and livelihoods (e.g. ploughing 
fields for winter crops Fig 1a, reducing fault-scarp hazard 
to stock Fig 1b). Acquiring perishable data as quickly as 
possible is vital to understanding the complexities of fault 
rupture geometries and associated features, particularly 
with the multiple ruptures that characterised the Kaikōura 
Earthquake (e.g. Hamlin et al. 2017, Stirling et al. 2017). 
 

 
Figure 1a (above): Before (left) and after (right) of a flattened out 
fault scarp on the Leader River terraces, ready for winter crop 
planting, Woodchester Station. In the before image, Duncan Noble 
from the UC Waiau fault rupture team surveys the scarp with GPS. 
Figure 1b (below): UC Science Outreach coordinator Tamsin Laird 
with landowner Rebekah Kelly (right) of Woodchester Station 
watching a digger flattening out one of the fault ruptures on her 
farm to reduce hazard to stock after workers repaired ruptured 
stock water supply lines. All images by the author. 

 
 
It has been well established, however, that research 
pressure can pose significant risks to the local community 
following a hazard event. Interactions with community 
members can exacerbate stress, put additional pressure on 
scarce resources, and interfere with emergency operations 
(IAVCEI 1999; Citraningtyas 2010, Beaven et al. 2016).  
 
In New Zealand, the physical science response to the 2010-
2011 Canterbury Earthquake sequence was very much 
focused on science advice to emergency support 
organizations and decision makers.  For example, scientists 
were meeting with the mayor and politicians on a daily, 
often hourly basis.  This also included a very heavy demand 
from media for information and required a large team of 
people to service the many needs at the Emergency Centre 
while others were out gathering field data. 
 
Additional research pressure specifically following the 22nd 
February 2011 Christchurch Earthquake (Beaven at al, 
2016; Beaven at al, 2017) was such that in the initial days 
following the Kaikōura Earthquake the National Hazards 
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2011 Canterbury Earthquake sequence was very much 
focused on science advice to emergency support 
organizations and decision makers.  For example, scientists 
were meeting with the mayor and politicians on a daily, 
often hourly basis.  This also included a very heavy demand 
from media for information and required a large team of 
people to service the many needs at the Emergency Centre 
while others were out gathering field data. 
 
Additional research pressure specifically following the 22nd 
February 2011 Christchurch Earthquake (Beaven at al, 
2016; Beaven at al, 2017) was such that in the initial days 
following the Kaikōura Earthquake the National Hazards 
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Research Platform distributed a 1 page guideline (New 
Zealand NHRP, 2016) for all research parties involved 
which set out guidelines for appropriate interactions with 
communities during a hazard event. In research response 
to the Kaikoura Earthquake sequence, our coordinating 
organization, the Institute of Geological and Nuclear 
Sciences Ltd. (GNS) disseminated these guidelines to all 
field teams. 
 
NHRP (2016)  outlines that “Decisions and actions should 
not benefit the decider/actor at the expense of others, 
increase harm to others, or violate human rights (Werhane 
1999)”. Additionally, the “beneficence principle” as 
outlined in the NHRP guiding principles specifically 
requires that “research does no harm AND also provides 
benefits to those it directly impacts”. 
 
Despite promotion of NHRP (2016) guiding principles, 
some instances were reported in relation to the Kaikōura 
Earthquake event where external research teams did not 
follow these guidelines, with a corresponding negative 
response from local community members and landowners.  
 
DISCUSSION 
 
Why should we put ethical principles into action? 
While these principles are an important first official step, 
they are not enough in themselves; it’s necessary to go 
further to really generate win-win post-disaster research 
outcomes, which benefit researchers and local communities 
alike. Creating trusting and mutually respectful relationships 
with landowners and local communities is vital to the quality 
and effectiveness of data gathered, immediately after the 
event, but more importantly for ongoing access to facilitate 
further “in depth” research.  
 
Our University of Canterbury (UC) fault rupture mapping 
team based our research in the Waiau region of North 
Canterbury, working outwards from the epicentral region of 
the earthquake, located in the alluvial plains and hill country 
near Waiau township. When our team first arrived into the 
area in the days following the event it became clear very 
quickly that the emergency focus was on the region of 
Kaikōura and that Waiau district residents were largely 
supporting themselves as a community. Many of our UC 
team (including the author) suffered our own stressful 
traumatic experiences and losses during the Canterbury 
Earthquake sequence 2010-2011 and aftermath, which 
certainly had a very conscious impact on our approach to 
locals, particularly as we often found ourselves in the role of 
first “science” responders. First and foremost, our initial task 
in the Waiau region was therefore to devote as much time 
as was needed in order to listen to their experiences and 
observations. This provided the additional benefit of 
landowners drawing our attention to some impacts on their 
properties away from the main rupture traces. 
 
Because trusted relationships with landowners have been 
built, there is a real willingness on the part of the locals to 
assist our research team. Landowners have been very 
supportive of our research students undertaking projects 

and have offered to vary some key farm practices so that 
we can gather perishable data, telling and showing us 
changes in their landscape that they (with their detailed 
knowledge and understanding of their land) have noticed, 
especially features that we as (“expert”) outsiders may 
have missed. At the fundamental level, without the 
landowners’ willingness to assist, we would have no 
ongoing access to the land in order to collect field data and 
ground truth remote sensing models. 
 
On top of data gathering for our research, our UC team has 
been able to provide support to locals through a variety of 
platforms. As research got under way our role expanded 
into providing expert geological context and insight in 
relation to impacts on infrastructure in order to facilitate 
landowners’ negotiations with insurance, EQC and other 
relevant parties. Our presentations to local communities 
on why this event had happened have also been crucial in 
encouraging locals and scientists to discuss what they were 
going through and how it has affected them. Education 
about earthquakes as a process of plate tectonics, and how 
they could protect themselves, has been very well received 
by the community in helping them demystify the 
processes; one of the key sources of anxiety. There has 
been an overall sense of appreciation from the community 
as to how research can help benefit them in future by 
adding to engineering design solutions, hazard mitigation 
and disaster planning.  
 
CONCLUSION 
 
Following ethical guidelines during post-disaster 
reconnaissance facilitates engagement with the affected 
communities, which is the key to gathering high quality 
research data immediately after the event. Creating 
trusting and mutually respectful relationships is 
additionally vital to ongoing engagement to facilitate 
further “in depth” research in collaboration with 
communities for the benefit of all parties. 
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Abstract: The Transverse Ranges (Southern California, USA) accommodate the contraction resulting from a regional restraining 
bend in the San Andreas Fault to form a fold-and-thrust belt system. The southern boundary of this system corresponds to the 
E-W trending Ventura basin, which is filled by more than 5 km of Pleistocene sediment and is shortening at about 7-10 mm/yr. 
Although the different thrusts and folds are fairly well known in the onshore areas of the basin, there is still uncertainty about 
their continuation in the offshore. The analysis of new high-resolution seismic data (chirp) and its combination with existing 
geophysical information has allowed us to map and characterize the active geological structures in the offshore. In addition, we 
have also identified 3 to 5 fold growth sequences associated with tectonic deformation events (e.g. earthquakes) in different 
thrust-related anticlines. This information may help us to determine the deformation history in the basin. 
 
Key words: Active faults; Thrust and fold belt; Submarine paleoseismology; Fold growth sequences; Ventura Basin. 
 
 
The Sumatra 2004 and the Tohoku 2011 earthquakes and 
related tsunamis, which caused tens of thousands of 
deaths and extensive and severe damage, have shown the 
importance of studying and characterizing submarine 
faults to mitigate their hazard. In Southern California, the 
Transverse Ranges are characterized by the presence of E-
W trending thrust faults and related anticlines that bound 
the Santa Barbara Channel and Ventura Basin (e.g., Sedlock 
and Hamilton, 1991; Yerkes et al., 1987). Although the 
different thrusts and folds are fairly well known in the 
onshore areas, there is still uncertainty about their 
continuation in the offshore. The aim of the present work 
is to better characterize the active geological structures in 
the offshore Ventura Basin by the analysis of new high-
resolution and existing seismic data, making emphasis on 
the deformation history of the main thrust faults systems. 
 
The Transverse Ranges zone has gone through different 
tectonic phases related to the evolution of the western 
Pacific-North America plate boundary during the last 25 
Ma (e.g., Nicholson et al., 1994; Sedlock and Hamilton, 
1991). Sometime during the last ca. 2-5 Ma the region 
started to go through a N-S compression resulting from the 
formation of a regional restraining bend in the San Andreas 
Fault to form an E-W trending fold-and-thrust belt system, 
the Transverse Ranges (e.g., Nicholson et al., 1994; Yerkes 
et al., 1987). The analysis of GPS data shows a north-south 
convergence across the Ventura Basin at 7–10 mm/yr (e.g., 
Marshall et al., 2013). 
 
The western Transverse Ranges are crossed by the 
eastward striking Ventura sedimentary basins and its 
offshore extension, the Santa Barbara Channel (Fig. 1), 

which are filled by more than 5 km of Pleistocene sediment 
(e.g., Huftile and Yeats, 1995; Rockwell et al., 2016; Yerkes 
et al., 1987). A series of folds and thrusts bound the basin. 
To the south, the main structure is the Oak Ridge anticline, 
which is associated with a reverse fault that dips to the 
south and continues towards the offshore and has an 
average slip rate of 5 mm/yr (e.g., Huftile and Yeats, 1995; 
Sorlien et al., 2000; Yerkes et al., 1987). To the north, there 
is a series of E-W anticlines verging south and associated 
with reverse faults dipping to the north. The main ones are 
the San Cayetano, the Pitas Point, the Ventura-Avenue 
anticline and the Red Mountain, which have average slip 
rates between 2 and 6 mm/yr (Hubbard et al., 2014; Huftile 
and Yeats, 1995; Rockwell, 1988; Yeats et al., 1987; Yerkes 
et al., 1987).  
 
The analyzed high-resolution seismic dataset (Fig. 1) 
involved twenty-seven newly acquired profiles with the 
SIO chirp and mini-sparker and chirp profiles available from 
the USGS (Sliter et al., 2008). The SIO chirp profiles have 
decametric vertical resolution, 30-50 m of subbottom 
penetration and cover two different areas in the Santa 
Barbara Channel. In the area between Rincon Point and 
Santa Barbara, sixteen profiles were acquired beginning or 
ending close to the coastline and approximately 
perpendicular to it, with lengths between 5 and 10 km, and 
four perpendicular and crossing the previous ones to tie 
seismostratigraphic units across the area. Another five 
profiles were acquired close to the Pitas Point, all of which 
trend NW-SE and are each around 4.5 km in length. The 
USGS profiles have coarse resolution and are in some cases 
of poor quality. They were used to better correlate the 
main geologic structures and horizons along the basin. 
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The Sumatra 2004 and the Tohoku 2011 earthquakes and 
related tsunamis, which caused tens of thousands of 
deaths and extensive and severe damage, have shown the 
importance of studying and characterizing submarine 
faults to mitigate their hazard. In Southern California, the 
Transverse Ranges are characterized by the presence of E-
W trending thrust faults and related anticlines that bound 
the Santa Barbara Channel and Ventura Basin (e.g., Sedlock 
and Hamilton, 1991; Yerkes et al., 1987). Although the 
different thrusts and folds are fairly well known in the 
onshore areas, there is still uncertainty about their 
continuation in the offshore. The aim of the present work 
is to better characterize the active geological structures in 
the offshore Ventura Basin by the analysis of new high-
resolution and existing seismic data, making emphasis on 
the deformation history of the main thrust faults systems. 
 
The Transverse Ranges zone has gone through different 
tectonic phases related to the evolution of the western 
Pacific-North America plate boundary during the last 25 
Ma (e.g., Nicholson et al., 1994; Sedlock and Hamilton, 
1991). Sometime during the last ca. 2-5 Ma the region 
started to go through a N-S compression resulting from the 
formation of a regional restraining bend in the San Andreas 
Fault to form an E-W trending fold-and-thrust belt system, 
the Transverse Ranges (e.g., Nicholson et al., 1994; Yerkes 
et al., 1987). The analysis of GPS data shows a north-south 
convergence across the Ventura Basin at 7–10 mm/yr (e.g., 
Marshall et al., 2013). 
 
The western Transverse Ranges are crossed by the 
eastward striking Ventura sedimentary basins and its 
offshore extension, the Santa Barbara Channel (Fig. 1), 

which are filled by more than 5 km of Pleistocene sediment 
(e.g., Huftile and Yeats, 1995; Rockwell et al., 2016; Yerkes 
et al., 1987). A series of folds and thrusts bound the basin. 
To the south, the main structure is the Oak Ridge anticline, 
which is associated with a reverse fault that dips to the 
south and continues towards the offshore and has an 
average slip rate of 5 mm/yr (e.g., Huftile and Yeats, 1995; 
Sorlien et al., 2000; Yerkes et al., 1987). To the north, there 
is a series of E-W anticlines verging south and associated 
with reverse faults dipping to the north. The main ones are 
the San Cayetano, the Pitas Point, the Ventura-Avenue 
anticline and the Red Mountain, which have average slip 
rates between 2 and 6 mm/yr (Hubbard et al., 2014; Huftile 
and Yeats, 1995; Rockwell, 1988; Yeats et al., 1987; Yerkes 
et al., 1987).  
 
The analyzed high-resolution seismic dataset (Fig. 1) 
involved twenty-seven newly acquired profiles with the 
SIO chirp and mini-sparker and chirp profiles available from 
the USGS (Sliter et al., 2008). The SIO chirp profiles have 
decametric vertical resolution, 30-50 m of subbottom 
penetration and cover two different areas in the Santa 
Barbara Channel. In the area between Rincon Point and 
Santa Barbara, sixteen profiles were acquired beginning or 
ending close to the coastline and approximately 
perpendicular to it, with lengths between 5 and 10 km, and 
four perpendicular and crossing the previous ones to tie 
seismostratigraphic units across the area. Another five 
profiles were acquired close to the Pitas Point, all of which 
trend NW-SE and are each around 4.5 km in length. The 
USGS profiles have coarse resolution and are in some cases 
of poor quality. They were used to better correlate the 
main geologic structures and horizons along the basin. 
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In the SIO chirp profiles, we have identified two different 
seismostratigraphic units separated by a regional erosional 
unconformity, which corresponds to a transgressive 
surface (LGTS) associated to the Last Glacial Maximum and 
subsequent sea level rise. The LGTS developed over the 
Pleistocene units at 10-8 ka BP. This unconformity has been 
identified in almost all the seismic profiles, with the 
exception of those located close to Ventura, where the 
Holocene unit is thicker and the multiple is shallow. 
Usually, the unconformity corresponds to a reflector of 
high amplitude and low frequency that is rather 
continuous and planar. Nevertheless, in some regions, the 
LGTS has been apparently uplifted and folded. We 
interpret this deformation as probably related activity on 
blind thrust and backthrust faults. Below the LGTS, the 
Early to Late Pleistocene units are commonly not very well 
imaged. However, in different areas, we observe the 
presence of well-developed folds (anticlines and synclines) 
and high-angle dipping reflectors. In some places, these 
dipping reflectors produce irregularities on the LGTS that 
indicate that they correspond to hard sedimentary layers. 
These irregularities in the seafloor are also observed in 
places where the LGTS has been uplifted. Above the LGTS, 
there is the Holocene seismostratigraphic unit, which 
presents an irregular distribution and thickness. Usually, it 
is located in the lower zones of the basin and attains its 
maximum thickness close to Ventura. In some of the 
seismic profiles localized in the northern and central part 
of the basin, two different Holocene units have been 

differentiated. The lower is a progradational unit 
characterized by downward dipping reflectors in the 
direction of progradation that show high amplitude and 
low frequency. Usually, these reflectors downlap over the 
LGTS but in some places they are parallel to it. On top of 
the progradational unit, there is an agradational unit. It 
shows continuous and parallel reflectors with medium to 
high amplitude and high frequency. 
 
Based on the identification and correlation of faults and 
folds (anticlines and synclines) affecting the Pleistocene 
units and the LGTS in the different profiles, we have been 
able to tie them to the main fault systems identified 
onshore, the Pitas Point, the Red Mountain and the Mesa 
Rincon Creek faults, and to the Ventura-Avenue anticline. 
Furthermore, we have interpreted different deformation 
events (i.e. earthquakes) related to some of these faults 
due to the recognition of anticline scarps, growth strata 
sequences, onlap unconformities and erosion surfaces in 
the Holocene strata (Fig. 2). 
 
The Pitas Point fault clearly continues towards the west in 
the offshore. The fault is blind and shows a monocline 
geometry verging to the south (Fig. 3), and is mapped for 
approximately 18 km in our seismic data. Nevertheless, 
towards the west, this monocline becomes subtle and just 
deforms deeper Holocene reflectors. This may suggest 
either that the fault does not extend very far west into the 
basin, which contrasts with previous interpretations (e.g., 
Hubbard et al., 2014; Jennings and Bryant, 2010; Rockwell 

Figure 1: Map showing the relief model of the area around the Ventura basin showing the location of the different high-resolution seismic 
profiles used in this study, the main active faults in the area (Jennings and Bryant, 2010), the seismicity between 1933 and 2017 (Hutton et al., 
2010) and the GPS vector velocities (UNAVCO). The white dotted rectangle localizes the study area. Inset: Location of the main map in the State 
of California (US). 
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et al., 2016), or that the sedimentary rate during the 
Holocene has been much higher in the inner basin than the 
folding rate, softening the deformation. On the Pitas Point 
fault, we have found probable evidence of the three most 
recent Holocene events (Fig. 3). Events 1 and 2 are based 
on the observation of growth strata sequences in the 
downthrown block and onlap on the upthrown block. In 
the case of event 3 we have recognized onlaps on the 
upthrown block, but due to signal wipe out (gas) there is 
no evidence of growth strata, even though the unit may 
thicken towards the SE. Rockwell et al. (2016) analyzed the 
marine terraces in the Pitas Point found evidence for four 
large uplift events during the past 7000 yr. We have not 
found evidence for a fourth event in the seismic profiles. 
However, since we have not been able to identify the LGTS 
because it is either masked by the seismic multiple or by 
wipe out related to gas presence, we cannot discard an 
older event than those identified. 
 
The Red Mountain fault. In the central part of the basin, 
there is an important uplift of the LGTS, between Rincon 
Point and Santa Barbara. We relate this deformation to a 
high amplitude anticline, which trends E-W in the western 
part of the basin and changes to NE-SW towards the East 
and to NNE-SSW close to Rincon Point. This large anticline 

may be related to the main blind thrust dipping to the 
north and a shallower blind backthrust dipping to the 
south. Even though these observations point to this 
anticline being the offshore continuation of the Red-
Mountain fault system, the different trends close to Rincon 
Point between various structures makes it difficult to 
establish their connection and a more detailed structural 
analysis of the area is needed. Based on similar 
observations on the seismic profiles than those made for 
the Pitas Point fault, and on the presence of different 
erosional surfaces, we have found evidence for four 
deformation events related to the southern flank of the 
anticline, even though evidence for one of them is weak. 
There is also evidence of the two younger events on the 
northern flank. 
 
The Mesa-Rincon Creek fault that is mapped in the 
onshore areas has been correlated with a deformation 
zone (faults and folds) observed in the offshore between 
Carpinteria and Santa Barbara. Associated with this 
system, we have recognized an area where the LGTS dips 
strongly towards the north, just at the base of the shelf, 
providing a lot of space for sediment accumulation. We 
suggest that this area may correspond to a subsidence 
zone related to the loading produced by the emplacement 
of the Mesa-Rincon Creek thrust. The deformation 
associated with this fault system is revealed by the 
presence of different units that onlap ones towards the 
others due to a folding process. We have identified up to 
five different deformation events. However, close to Santa 
Barbara the LGTS is difficult to differentiate and, thus, we 
have not certainty whether the oldest of these events 
occurred during the Holocene or is older. 
 
The Ventura-Avenue Anticline continues west in the 
offshore and gently folds the sediments above the LGTS. 
However, it seems that farther west, this anticline may 
have become inactive during the Holocene since it does 
not appear to deform the LGTS, even though the anticline 
is clearly identified in the Pleistocene units. We suggest 
that the Red Mountain fault has been the main structure 
absorbing the deformation in the area between 
Carpinteria and Santa Barbara during the Holocene since 
the observed lack of activity in the Ventura-Avenue 
Anticline occurs in the zone where it goes parallel and 
approaches the Red Mountain fault. In a profile west of 
Rincon Point, we have found evidence of at least three 
events above the LGTS related to the activity of the 
Ventura-Avenue Anticline. However, due to signal wipe out 
(gas) there is no evidence for a fourth event as reported 
from the onshore Holocene marine terraces (Rockwell et 
al., 2016). 
 
The identification of different zones where the LGTS shows 
evidence of Holocene deformation in the new high-
resolution SIO chirp profiles and their correlation between 
them and with the onshore structures allows mapping the 
offshore Holocene active structures between Santa 
Barbara and Ventura. Moreover, we have found evidence 
of 3 to 5 Holocene deformation events (i.e. earthquakes) 
associated with the main active systems. The identification 

Figure 2: Sketch showing the formation of an anticline scarp 
related to a blind thrust fault due to the occurrence of different 
earthquakes and the later development of growth strata 
sequences and onlap unconformities during the interseismic 
period. The event horizon corresponds to the last 
reflectors/sediments folded by the earthquake and on which the 
upper reflectors/sediments onlap. 
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et al., 2016), or that the sedimentary rate during the 
Holocene has been much higher in the inner basin than the 
folding rate, softening the deformation. On the Pitas Point 
fault, we have found probable evidence of the three most 
recent Holocene events (Fig. 3). Events 1 and 2 are based 
on the observation of growth strata sequences in the 
downthrown block and onlap on the upthrown block. In 
the case of event 3 we have recognized onlaps on the 
upthrown block, but due to signal wipe out (gas) there is 
no evidence of growth strata, even though the unit may 
thicken towards the SE. Rockwell et al. (2016) analyzed the 
marine terraces in the Pitas Point found evidence for four 
large uplift events during the past 7000 yr. We have not 
found evidence for a fourth event in the seismic profiles. 
However, since we have not been able to identify the LGTS 
because it is either masked by the seismic multiple or by 
wipe out related to gas presence, we cannot discard an 
older event than those identified. 
 
The Red Mountain fault. In the central part of the basin, 
there is an important uplift of the LGTS, between Rincon 
Point and Santa Barbara. We relate this deformation to a 
high amplitude anticline, which trends E-W in the western 
part of the basin and changes to NE-SW towards the East 
and to NNE-SSW close to Rincon Point. This large anticline 

may be related to the main blind thrust dipping to the 
north and a shallower blind backthrust dipping to the 
south. Even though these observations point to this 
anticline being the offshore continuation of the Red-
Mountain fault system, the different trends close to Rincon 
Point between various structures makes it difficult to 
establish their connection and a more detailed structural 
analysis of the area is needed. Based on similar 
observations on the seismic profiles than those made for 
the Pitas Point fault, and on the presence of different 
erosional surfaces, we have found evidence for four 
deformation events related to the southern flank of the 
anticline, even though evidence for one of them is weak. 
There is also evidence of the two younger events on the 
northern flank. 
 
The Mesa-Rincon Creek fault that is mapped in the 
onshore areas has been correlated with a deformation 
zone (faults and folds) observed in the offshore between 
Carpinteria and Santa Barbara. Associated with this 
system, we have recognized an area where the LGTS dips 
strongly towards the north, just at the base of the shelf, 
providing a lot of space for sediment accumulation. We 
suggest that this area may correspond to a subsidence 
zone related to the loading produced by the emplacement 
of the Mesa-Rincon Creek thrust. The deformation 
associated with this fault system is revealed by the 
presence of different units that onlap ones towards the 
others due to a folding process. We have identified up to 
five different deformation events. However, close to Santa 
Barbara the LGTS is difficult to differentiate and, thus, we 
have not certainty whether the oldest of these events 
occurred during the Holocene or is older. 
 
The Ventura-Avenue Anticline continues west in the 
offshore and gently folds the sediments above the LGTS. 
However, it seems that farther west, this anticline may 
have become inactive during the Holocene since it does 
not appear to deform the LGTS, even though the anticline 
is clearly identified in the Pleistocene units. We suggest 
that the Red Mountain fault has been the main structure 
absorbing the deformation in the area between 
Carpinteria and Santa Barbara during the Holocene since 
the observed lack of activity in the Ventura-Avenue 
Anticline occurs in the zone where it goes parallel and 
approaches the Red Mountain fault. In a profile west of 
Rincon Point, we have found evidence of at least three 
events above the LGTS related to the activity of the 
Ventura-Avenue Anticline. However, due to signal wipe out 
(gas) there is no evidence for a fourth event as reported 
from the onshore Holocene marine terraces (Rockwell et 
al., 2016). 
 
The identification of different zones where the LGTS shows 
evidence of Holocene deformation in the new high-
resolution SIO chirp profiles and their correlation between 
them and with the onshore structures allows mapping the 
offshore Holocene active structures between Santa 
Barbara and Ventura. Moreover, we have found evidence 
of 3 to 5 Holocene deformation events (i.e. earthquakes) 
associated with the main active systems. The identification 

Figure 2: Sketch showing the formation of an anticline scarp 
related to a blind thrust fault due to the occurrence of different 
earthquakes and the later development of growth strata 
sequences and onlap unconformities during the interseismic 
period. The event horizon corresponds to the last 
reflectors/sediments folded by the earthquake and on which the 
upper reflectors/sediments onlap. 
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of a similar number of events in the different systems could 
point to event triggering, where the occurrence of one 
event triggers the next one in close faults and close in time, 
or to the simultaneous rupture of all the segments during 
just one event. Both hypotheses have different 
implications for the seismic hazard in the area and to select 
between them it will be necessary to date the events. 
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Figure 3: High-resolution SIO CHIRP profile acquired across the Pitas point thrust fault close to the eastern margin of the study area and its 
interpretation. Letters A, B, C and D identify different seismostratigraphic units. The Last Glacial Transgressive Surface may be located some 
milliseconds below the multiple. Accordingly, these units may be Holocene in age. The black thick and dashed lines correspond to the boundary 
and inferred boundary between the different units. Red dashed lines identify the different horizon events identified in this profile. Above each 
of these horizons different onlap unconformities (gray lines) has been recognized, as well as growth strata sequences in units A and B. Each 
event horizon is associated with the occurrence of an earthquake.
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Abstract: A sand layer of 0.5 m thickness in the middle part of a sandy Saalian glaciolacustrine succession near Ujście (W Poland) 
contains two levels with abundant soft-sediment deformation structures (SSDS). The grain size of the deformed levels is the same 
as that of the under- and overlying undeformed layers: coarse silt and very fine-grained sand with admixtures of clay, commonly 
in the form of alternating laminae. The lateral extent of the levels with SSDS is significant: at least 350 m (the whole extent of 
the outcrop). The two SSDS levels are interbedded between sediments that do not show any significant SSDS. The occurrence of 
two deformed levels indicates that some deformation process was repeated. This suggests that the liquefaction required for the 
formation of these SSDS was most probably induced by a trigger that was repeated so quickly that no significant amount of 
sediment could accumulate in the meantime. 
 
Key words: glacio-isostatic rebound, seismites, soft-sediment clasts, gravity-flow deposits, Pleistocene 
 
 
INTRODUCTION 
 
The study site (53°02′40″N and 16°41′41″E) is an active sand 
quarry, located 2 km SW from the town of Ujście (W Poland, 
Fig. 1). The succession at Ujście (Fig. 2) contains mainly silty 
sands, with intercalated beds of silty sand and gravelly sand. 
The succession under study is interpreted as glaciofluvial at 
its base, gradually changing into glaciolacustrine in its middle 
part and glacial (basal till) in its top part (Chmal, 2006). The 
glaciolacustrine sediments comprise two levels with 
abundant soft-sediment deformation structures (SSDS) that 
differ from common SSDS. 
 
The objective of the present contribution is to identify the 
trigger mechanism responsible for the two levels with 
these enigmatic soft-sediment deformation structures.  
 
THE SEDIMENTARY SUCCESSION 
 
The lower part of the Ujście succession consists of 
horizontally-laminated sands (lithofacies Sh), at least 9 m 
thick (the base is not exposed), which contain a small 
admixture of silt. The laminae are slightly (2-4°) inclined 
southwards, south-westwards and westwards.  
 
The middle part of the succession consists mainly of ripple-
cross-laminated silty sands, sandy silts and silts (lithofacies 
SFr, FSr, Fr). Some horizontally laminated silty sands 
(lithofacies SFh) also occur. Two levels in this middle part 
are exceptional, because they are strongly deformed.  
 
The upper part of the succession consists of a massive 
diamicton (lithofacies Dm) that represents a basal till from 
the Wartanian stadial of the Saalian glaciation (MIS 6). 

 
THE DEFORMED LEVELS  
 
A sand layer of 0.5 m thick in the middle part of the 
succession is exceptional because of three reasons: (1) 
it contains two levels with abundant soft-sediment 
deformation structures, a lower one (level SSDS-S1) and 
an upper one (SSDS-S2); (2) the grain size of the 
deformed levels is the same as that of the undeformed 
under- and overlying sands: coarse silt (31-63 μm) and 
very fine- grained sand (63–125 μm) with admixtures of 
clay (<3.9 μm), commonly in the form of alternating 
laminae; (3) the lateral extent of the levels with SSDS is 
significant: at least 350 m.  
 

 
Figure 1: Location of the sudy area 
 
 



8TH INTERNATIONAL PATA DAYS 2017                           PROGRAMME309

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
 

Saalian earthquakes in the Ujście Basin, W Poland 
 

Pisarska-Jamroży, Małgorzata (1), Van Loon, Antonius Johannes (Tom) (2, 3), Mleczak, Mateusz (1), and Roman, Małgorzata (4) 
 

(1)    Institute of Geology, Adam Mickiewicz University, B. Krygowskiego Str. 12; 61-680 Poznań, POLAND; E-mail: pisanka@amu.edu.pl 
(2)    Geocom Consultants, Valle del Portet 17, 03726 Benitachell, SPAIN 
(3)    College of Earth Science and Engineering, Shandong University of Science and Technology, No. 579, Qianwangang Road, 266590 
Qingdao, Huangdao District, CHINA  
(4)    Department of Geomorphology and Palaeogeography, University of Łódź, Narutowicza 88, 90-139 Łódź, POLAND 
 
 
Abstract: A sand layer of 0.5 m thickness in the middle part of a sandy Saalian glaciolacustrine succession near Ujście (W Poland) 
contains two levels with abundant soft-sediment deformation structures (SSDS). The grain size of the deformed levels is the same 
as that of the under- and overlying undeformed layers: coarse silt and very fine-grained sand with admixtures of clay, commonly 
in the form of alternating laminae. The lateral extent of the levels with SSDS is significant: at least 350 m (the whole extent of 
the outcrop). The two SSDS levels are interbedded between sediments that do not show any significant SSDS. The occurrence of 
two deformed levels indicates that some deformation process was repeated. This suggests that the liquefaction required for the 
formation of these SSDS was most probably induced by a trigger that was repeated so quickly that no significant amount of 
sediment could accumulate in the meantime. 
 
Key words: glacio-isostatic rebound, seismites, soft-sediment clasts, gravity-flow deposits, Pleistocene 
 
 
INTRODUCTION 
 
The study site (53°02′40″N and 16°41′41″E) is an active sand 
quarry, located 2 km SW from the town of Ujście (W Poland, 
Fig. 1). The succession at Ujście (Fig. 2) contains mainly silty 
sands, with intercalated beds of silty sand and gravelly sand. 
The succession under study is interpreted as glaciofluvial at 
its base, gradually changing into glaciolacustrine in its middle 
part and glacial (basal till) in its top part (Chmal, 2006). The 
glaciolacustrine sediments comprise two levels with 
abundant soft-sediment deformation structures (SSDS) that 
differ from common SSDS. 
 
The objective of the present contribution is to identify the 
trigger mechanism responsible for the two levels with 
these enigmatic soft-sediment deformation structures.  
 
THE SEDIMENTARY SUCCESSION 
 
The lower part of the Ujście succession consists of 
horizontally-laminated sands (lithofacies Sh), at least 9 m 
thick (the base is not exposed), which contain a small 
admixture of silt. The laminae are slightly (2-4°) inclined 
southwards, south-westwards and westwards.  
 
The middle part of the succession consists mainly of ripple-
cross-laminated silty sands, sandy silts and silts (lithofacies 
SFr, FSr, Fr). Some horizontally laminated silty sands 
(lithofacies SFh) also occur. Two levels in this middle part 
are exceptional, because they are strongly deformed.  
 
The upper part of the succession consists of a massive 
diamicton (lithofacies Dm) that represents a basal till from 
the Wartanian stadial of the Saalian glaciation (MIS 6). 

 
THE DEFORMED LEVELS  
 
A sand layer of 0.5 m thick in the middle part of the 
succession is exceptional because of three reasons: (1) 
it contains two levels with abundant soft-sediment 
deformation structures, a lower one (level SSDS-S1) and 
an upper one (SSDS-S2); (2) the grain size of the 
deformed levels is the same as that of the undeformed 
under- and overlying sands: coarse silt (31-63 μm) and 
very fine- grained sand (63–125 μm) with admixtures of 
clay (<3.9 μm), commonly in the form of alternating 
laminae; (3) the lateral extent of the levels with SSDS is 
significant: at least 350 m.  
 

 
Figure 1: Location of the sudy area 
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Figure 2: The sedimentary succession at Ujście. A:. Position of the two levels with SSDS. B: Sedimentary log with lithofacies. C: The two deformed 
levels: SSDS-S1 and SSDS-S2. D: Pseudonodules in SSDS-S2. E: Load and flame structures in the lower deformed level. Composite load casts 
indicating several phases of load casting. 
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Descriptions 
The lower level (SSDS-S1) 
The lower level, which is about 20 cm thick, is deformed 
over its total exposed length (Fig. 2). Most of the SSDS are 
complex, sometimes even chaotic; most of them are load 
casts and genetically related flame structures. Most load 
casts are 5–20 cm wide in cross-section, and they occur at 
several heights, commonly deforming each other. The 
flame structures are up to 7 cm high and 0.5–2 cm wide; 
they are frequently bent at their tops, sometimes to a 
more or less horizontal position. They consist of coarse silt 
with some very fine-grained sand and minor admixtures of 
clay; they are intruded into the host sediment that consists 
of sandy silt. 
 
The upper level (SSDS-S2) 
The upper deformed level, of which the thickness varies 
from 10 to 20 cm (Fig. 2), differs from the lower level 
because the deformations consist exclusively of 
pseudonodules. The kidney- and oval-shaped 
pseudonodules are composed mainly of sandy silt; they are 
0.5-7 cm wide, and 0.5-3.5 cm high in cross-section. 
 
Interpretation 
The presence of two deformed levels (with different 
deformation characteristics) separated by an undeformed 
level with essentially identical granulometrical 
characteristics indicates that some deformation process 
acted at least twice. The presence of load casts that affect 
each other is additional evidence that several deformation 
phases must have taken place. This indicates that the 
liquefaction required for the origination of these SSDS was 
most probably induced by a trigger that was several times 
repeated so quickly after each other that no 
distinguishable amount of sediment could accumulate 
during the time-span in which repeated shocks occurred 
that caused new load casts to affect older ones. 
 
TRIGGER MECHANISM 
 
Owen (1992) and Moretti et al. (1999) showed 
experimentally that particularly load casts and associated 
structures (such as flame structures) are easily formed as a 
result of shocks such as those that are induced by 
earthquakes. This is understandable, as the seismically 
induced shock waves that are responsible for the 
development of SSDS in water-saturated, unconsolidated 
sediments in the uppermost decimetres of a sedimentary 
succession are Raleigh waves, which result in alternations 
of pressure and tension within the sediment, thus 
facilitating sinking of material into the underlying layer, 
even if there is hardly any difference in density (see 
Rossetti, 1999).  
 
In the lower level (SSDS-S1), the flame structures that are 
bent to a more or less horizontal position indicate that the 
loading process continued (or started again) after earlier 
generations of load casts had formed. The final 
morphologies of the load structures consequently vary in 
size and shape. The tendency of the pseudonodules in the 
upper level to be concentrated at a specific level suggests 

that this level, too, has been affected by several phases of 
loading. The overlying younger deposits are undeformed 
(see SFr lithofacies). Loading is facilitated by reversed 
density gradients, but the development of load casts can 
take place only if the layer under the parent layer of the 
load casts or pseudonodules becomes liquefied (Moretti & 
Ronchi, 2011). Liquefaction requires that the sediment 
involved is fully water-saturated, but it needs a trigger 
(Allen, 1982; Owen, 1987, 1995; Jones and Omoto, 2000). 
Seismically-induced liquefaction processes are commonly 
connected with seismic shocks with a magnitude of M>5 
(Ambraseys, 1988). The effects are mainly located within a 
maximum distance from the epicentre of 40 km (more than 
90% of recent seismic events: Galli, 2000). Earthquakes 
with a lower magnitude (M < 5) may also trigger 
liquefaction, but only in an area closer to the epicentre, 
even <20 km (Papadopoulos & Lefkopoulos, 1993).  
 
In the case of the Ujście deposits, the nearest fault that 
may have become re-activated as a result of postglacial 
glacio-isostatic crustal rebound occurs at a distance of only 
12 km (Fig. 3). The likely occurrence of earthquakes sheds 
also light on the possible trigger of the gravity flows that 
resulted in a breccia complex. Earthquake-induced shocks 
are well-known triggers of such flows, as can be deduced 
from both field data and experiments (e.g. Takahashi et al., 
2014; Pouderoux et al., 2015; Chen et al., 2017). 
 

 
Figure 3: Pre-Paleogene map of the study site, showing faults in 
the Mesozoic, some of which may have been reactivated by 
Pleistocene post-glacial rebound of the earth crust. 
 
The two deformed levels might consequently be 
considered as seismites, caused by successive earthquakes 
that were sepated by a phase of quiet sedimentation. 
SSDS-1 must have been formed by several earthquekes 
that triggered seismic shocks so (geologically) quickly after 
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Descriptions 
The lower level (SSDS-S1) 
The lower level, which is about 20 cm thick, is deformed 
over its total exposed length (Fig. 2). Most of the SSDS are 
complex, sometimes even chaotic; most of them are load 
casts and genetically related flame structures. Most load 
casts are 5–20 cm wide in cross-section, and they occur at 
several heights, commonly deforming each other. The 
flame structures are up to 7 cm high and 0.5–2 cm wide; 
they are frequently bent at their tops, sometimes to a 
more or less horizontal position. They consist of coarse silt 
with some very fine-grained sand and minor admixtures of 
clay; they are intruded into the host sediment that consists 
of sandy silt. 
 
The upper level (SSDS-S2) 
The upper deformed level, of which the thickness varies 
from 10 to 20 cm (Fig. 2), differs from the lower level 
because the deformations consist exclusively of 
pseudonodules. The kidney- and oval-shaped 
pseudonodules are composed mainly of sandy silt; they are 
0.5-7 cm wide, and 0.5-3.5 cm high in cross-section. 
 
Interpretation 
The presence of two deformed levels (with different 
deformation characteristics) separated by an undeformed 
level with essentially identical granulometrical 
characteristics indicates that some deformation process 
acted at least twice. The presence of load casts that affect 
each other is additional evidence that several deformation 
phases must have taken place. This indicates that the 
liquefaction required for the origination of these SSDS was 
most probably induced by a trigger that was several times 
repeated so quickly after each other that no 
distinguishable amount of sediment could accumulate 
during the time-span in which repeated shocks occurred 
that caused new load casts to affect older ones. 
 
TRIGGER MECHANISM 
 
Owen (1992) and Moretti et al. (1999) showed 
experimentally that particularly load casts and associated 
structures (such as flame structures) are easily formed as a 
result of shocks such as those that are induced by 
earthquakes. This is understandable, as the seismically 
induced shock waves that are responsible for the 
development of SSDS in water-saturated, unconsolidated 
sediments in the uppermost decimetres of a sedimentary 
succession are Raleigh waves, which result in alternations 
of pressure and tension within the sediment, thus 
facilitating sinking of material into the underlying layer, 
even if there is hardly any difference in density (see 
Rossetti, 1999).  
 
In the lower level (SSDS-S1), the flame structures that are 
bent to a more or less horizontal position indicate that the 
loading process continued (or started again) after earlier 
generations of load casts had formed. The final 
morphologies of the load structures consequently vary in 
size and shape. The tendency of the pseudonodules in the 
upper level to be concentrated at a specific level suggests 

that this level, too, has been affected by several phases of 
loading. The overlying younger deposits are undeformed 
(see SFr lithofacies). Loading is facilitated by reversed 
density gradients, but the development of load casts can 
take place only if the layer under the parent layer of the 
load casts or pseudonodules becomes liquefied (Moretti & 
Ronchi, 2011). Liquefaction requires that the sediment 
involved is fully water-saturated, but it needs a trigger 
(Allen, 1982; Owen, 1987, 1995; Jones and Omoto, 2000). 
Seismically-induced liquefaction processes are commonly 
connected with seismic shocks with a magnitude of M>5 
(Ambraseys, 1988). The effects are mainly located within a 
maximum distance from the epicentre of 40 km (more than 
90% of recent seismic events: Galli, 2000). Earthquakes 
with a lower magnitude (M < 5) may also trigger 
liquefaction, but only in an area closer to the epicentre, 
even <20 km (Papadopoulos & Lefkopoulos, 1993).  
 
In the case of the Ujście deposits, the nearest fault that 
may have become re-activated as a result of postglacial 
glacio-isostatic crustal rebound occurs at a distance of only 
12 km (Fig. 3). The likely occurrence of earthquakes sheds 
also light on the possible trigger of the gravity flows that 
resulted in a breccia complex. Earthquake-induced shocks 
are well-known triggers of such flows, as can be deduced 
from both field data and experiments (e.g. Takahashi et al., 
2014; Pouderoux et al., 2015; Chen et al., 2017). 
 

 
Figure 3: Pre-Paleogene map of the study site, showing faults in 
the Mesozoic, some of which may have been reactivated by 
Pleistocene post-glacial rebound of the earth crust. 
 
The two deformed levels might consequently be 
considered as seismites, caused by successive earthquakes 
that were sepated by a phase of quiet sedimentation. 
SSDS-1 must have been formed by several earthquekes 
that triggered seismic shocks so (geologically) quickly after 
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each other that no undisturbed sediments could 
accumulate in the meantime. Whether this also holds for 
SSDS-2 cannot be determined with sufficient certainty, but 
it cannot be excluded either. Comparable seismites of late 
Saalian age have been described earlier from NW Poland 
(Van Loon & Pisarska-Jamroży, 2014); late Weichselian 
seismites in Latvia have also been ascribed to postglacial 
glacio-isostatic rebound of the earth crust (Van Loon et al., 
2016).  
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Abstract: In 2016-2017 a series of moderate to large earthquakes struck central Italy producing severe damage and resulting in 299 
casualties. The complex seismic sequence depicts a multiple activation of the Mt. Vettore-Mt. Bove (VBFS) and the Laga Mts. fault 
systems, considered in literature independent segments connoting a seismic gap between two recent seismic sequences: the 1997-1998 
Colfiorito and the 2009 L’Aquila. We mapped in detail the normal-faulting coseismic surface ruptures following three mainshocks, for a 
total length of 5.2 km, ≅10 km and ≅25 km, respectively. We recorded with an unprecedented detail geometric and kinematic 
characteristics of the ruptures along the activated VBFS. Moreover, we built serial geologic cross-sections to reconstruct the net offset 
distribution of the activated fault system. Then, we compared the coseismic and the long-term geologic and morphologic expressions 
to: test a cause-effect relationship between faulting and tectonic landforms and evaluate “ex post” the segmentation hypothesis. 
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INTRODUCTION 
 
Central Italy was recently hit by a seismic sequence causing 
299 fatalities and >20,000 homeless, with widespread 
destruction affecting small towns like Amatrice, Visso and 
Norcia (Figure 1). The sequence initiated on 24 August 
2016 with an Mw 6.0 earthquake that was followed by 
several M>5 shocks, like the 26 October Mw 5.9 event 
close to Visso, and culminated on 30 October with an Mw 
6.5 earthquake located near Norcia. This is the strongest 
Italian seismic event since the 1980 Ms 6.9 Irpinia 
earthquake (Westaway and Jackson, 1987; Bernard and 
Zollo, 1989). On January 2017, other five M>5 earthquakes 
occurred at the southern part of the ca. 50 km-long 
activated crustal volume (Gruppo di Lavoro INGV sul 
Terremoto in centro Italia, 2017). This seismic sequence 
appears to fill the main seismic gaps of the central 
Apennines highlighted by geological and 
paleoseismological studies and located between the 
recent 1997 Colfiorito and 2009 L’Aquila events (Galadini 
and Galli, 2003; Boncio et al., 2004). 
 
The study area has undergone a complex history of multi-
phased contractional and extensional deformation: (1) 
pre-orogenic Jurassic extension, responsible for the 
fragmentation of the regional carbonate platform in deep 
pelagic basins and shallow-water structural highs 
separated by major tectonic structures (Ciarapica & 
Passeri, 2002; Butler et al., 2006); (2) late Miocene-early 
Pliocene NE-verging compression, which produced the 
fold-and-thrust belt (e.g. Barchi et al., 1998a; Vezzani et al., 
2010); (3) post-orogenic, NE-directed late Pliocene-
Quaternary extension, which dissected the axial zone of 
the belt and is responsible for the present-day seismogenic 
activity (Lavecchia et al., 1994; Barchi et al., 1998b; 
Cavinato and De Celles, 1999). 

Figure 1: Geological map of the study area (modified from 
1:10,000-scale cartography of Regione Umbria and Marche). 
TDMT focal mechanism of the mainshocks are reported 
(http://cnt.rm.ingv.it/). 
 
In fact, seismological data indicate normal-faulting sources 
consistent with the current extensional regime affecting the 
chain axis (1.5-3 mm/yr extension rates; D’Agostino et al., 
2014). The mainshocks nucleated at about 8-9 km depth on 
the deep portion of two important NW-trending and SW-
dipping Quaternary normal fault-systems, namely the Mt. 
Vettore - Mt. Bove (VBFS) and the Laga Mts. (LMFS) faults. 
Based on geologic and paleoseismic evidence, those faults 
were previously considered active, 25-30 km-long 
seismogenic structures with an independent behavior, and 
separated by crustal-scale structural barriers (Boncio et al., 
2004; Galadini and Messina, 2001; Galadini and Galli, 2003). 
However, the inversion models of geodetic and seismological 
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the belt and is responsible for the present-day seismogenic 
activity (Lavecchia et al., 1994; Barchi et al., 1998b; 
Cavinato and De Celles, 1999). 
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In fact, seismological data indicate normal-faulting sources 
consistent with the current extensional regime affecting the 
chain axis (1.5-3 mm/yr extension rates; D’Agostino et al., 
2014). The mainshocks nucleated at about 8-9 km depth on 
the deep portion of two important NW-trending and SW-
dipping Quaternary normal fault-systems, namely the Mt. 
Vettore - Mt. Bove (VBFS) and the Laga Mts. (LMFS) faults. 
Based on geologic and paleoseismic evidence, those faults 
were previously considered active, 25-30 km-long 
seismogenic structures with an independent behavior, and 
separated by crustal-scale structural barriers (Boncio et al., 
2004; Galadini and Messina, 2001; Galadini and Galli, 2003). 
However, the inversion models of geodetic and seismological 
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data of the mainshocks revealed an unexpected rupture 
complexity, being generated by both partial and quasi-
simultaneous activation of different sections of the VBFS and 
LMFS, in some cases rupturing repeatedly the same location 
(Tinti et al., 2016; Cheloni et al., 2017). The 30 October Mw 6.5 
Norcia earthquake, in particular, was unexpected due to its 
considerable size within the already activated portion of the 
VBFS, the exceptional high peak slip values inferred from 
inversion of strong motion and GPS data (up to 3 m), and the 
clear breaking of an asperity previously broken by the 24 
August Amatrice earthquake. 
 
The seismic sequence caused an impressive system of 
surface ruptures, rare for the Italian territory, running for 
a total length of about 30 km along the VBFS (Civico et al., 
2017) (Figure 1). 
 
The 24 August MW 6.0 earthquake caused ∼5.0 km-long, 
extensional coseismic ground breaks with centimeter-scale 
displacements along the southern section of the VBFS and 
no surface breakages were mapped on the LMFS segment 
(EMERGEO Working Group, 2016; Pucci et al., 2017). 
 
The 26 October MW 5.9 earthquake caused ∼7.0 km-long, 
discontinuous extensional coseismic ground breaks with 
centimeter-scale displacements along the northern section 
of the VBFS (Civico et al., 2017). 
 
The 30 October MW 6.5 main shock produced coseismic 
surface ruptures extending for more than 25 km along 
several synthetic and antithetic fault splays of the VBFS. 
 
This study examines the along-strike coseismic slip and slip 
vectors distribution observed in the context of the net 
geologic offsets and geomorphic expression of the 
disrupted slopes with respect to their depositional and 
erosive processes. 
 
Our aim is to compare the coseismic surface ruptures with 
the long-term geologic and morphologic expressions to test 
a cause-effect relationship between faulting and tectonic 
landforms. This is to test the segmentation hypothesis by 
looking for evidence on the surface of a repeating pattern of 
complexity, possibly similar to that expressed by the 2016-

2017 seismic sequence, as well as to examine if the observed 
coseismic segmentation is due to permanent or non 
permanent rupture boundaries at geometrical and 
geological discontinuities along the fault system. 
 
METHODS 
 
As part of the EMERGEO Working Group of the Istituto 
Nazionale di Geofisica e Vulcanologia, we performed a 
detailed and extensive survey of the fault rupture. 
Comprehensive mapping of the extent and the geometric 
characteristics of the surface ruptures in this mountainous 
and difficult to accessregion was facilitated by oblique 
photographs (more than 11,000 digital images) and 
Structure-from-Motion (SfM) photogrammetry (Westoby et 
al., 2012), taken from helicopter flights. After the 30 October 
MW 6.5 mainshock, thanks to the collaborative effort of the 
Open EMERGEO Working Group (Civico et al., 2017), we 
were able to collect >7,000 observation points, containing 
>5000 surface offset values: such numbers represent the 
event as one of the best documented cases of surface 
faulting earthquakes worldwide. We provide a thorough 
description of the surface ruptures in terms of geometry, 
structural architecture, displacement distribution and 
kinematics. In fact, we collected hundreds of kinematic 
indicators of coseismic slip, based on the offset morphologic 
markers and lineations on bedrock fault planes. 
 
We expanded and complemented our analyses by 
constructing 1:10,000-scale geological longitudinal and cross-
sections through the VBFS (Figures 2 and 18, respectively) 
based on updated maps (Regione Umbria - 
geo.umbriaterritorio.it/umbriageo/atlante/; Regione Marche 
- www.ambiente.marche.it/Territorio; Centamore et al., 1992; 
Pierantoni et al., 2013) and we reconstructed the net offset 
distribution of the activated fault system, as a result of the 
contribution of the different parallel fault splays (Figure 2). 
 
Furthermore, we plotted the cumulative morphologic 
throws along the activated fault splays by means of 10m-
resolution DEM (Tarquini et al., 2007) and, locally, by high-
resolution DEMs obtained through Structure-from-Motion 
photogrammetry. 

 
Figure 2: Example of geological cross-section. TDMT focal mechanism of the Mw 6.5 mainshock and inferred deep fault plane are reported. 
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DISCUSSION 
 
Notably, the 30 October coseismic surface ruptures re-
ruptured completely the southern section of the VBFS that 
ruptured during the 24 August earthquake and partly re-
ruptured the northern section of the VBFS that ruptured 
during the 26 October earthquake (Figure 3). 
 

 
Figure 3: Map of the surface faulting distribution for earthquakes 
in the 2016 sequence. 
 
The surface ruptures trend with an average N155° strike and 
consistent kinematics, with mainly SW-side-down motion 
along the base of a preexisting, SW dipping active normal 
faults, which exhibit a long-term geomorphologic and geologic 
expressions (e.g.: ∼20m high Quaternary fault scarp and >500 
m of net offset, respectively, along the Cordone del Vettore 
fault, at the southern termination of the VBFS). In some cases, 
the coseismic slip occurred on small variably-oriented faults 
planes, inherited from the Jurassic extensional phase. 
Kinematic indicators of coseismic slip point out a consistent 
almost pure dip-slip kinematics of the fault blocks, with a 
subtle component of left-lateral slip on the SW-dipping planes, 
and subordinate right-lateral movement on the antithetic NE-
dipping ruptures. Also, the direction of the coseismic slip 
vectors are comparable with that of the exhumed normal fault 
planes. Surface ruptures are organized into sub-parallel 
strands, showing stepping relationships and several 
underlapping regions. The width of the overall near-fault 
coseismic deformation zone widens in the central and 
southernmost sectors of the VBFS, being ∼3.5 km in the Mt. 
Porche sector, and ∼2.5 km in the Castelluccio sector. We 
found a complex slip distribution of the 30 October ruptures, 
with an average value of about 0.3 m and a ∼2 km-long zone 

of concentrated vertical displacement >1 m, displaying local 
throw exceeding 2.3 m along the Cordone del Vettore fault, 
coincident with the 24 August throw maxima. 
 
In general, the 30 October event dominates the coseismic 
slip distribution sum of the three events (i.e. the average 
net displacement is four time that of both the 24 August 
and of the 26 October events). As a whole, it describes an 
asymmetric bell-shaped curve, with a larger slip gradient 
along the southern section of the VBFS. 
 
The surface slip heterogeneity displays a remarkable 
similarity with the complex slip distribution inferred from 
kinematic inversion of strong motion data, thus suggesting 
a link between deep slip patches and local surface slip 
peaks. In fact, the overlapping 30 October and 24 August 

near-fault surface coseismic displacements differ by one 
order of magnitude, consistent with the estimates of slip 
from the seismological data. 
 
The distribution of the aggregate long-term displacement 
observed by means of the geologic cross-sections along the 
main Quaternary splays helps to constrain the geometry of 
the complex VBFS, characterized by an asymmetric bell-
shaped curve of the d-x profile (i.e. displacement-length) 
which displays some similarity with the coseismic one, but 
distinct from the LMFS segment. 
 
The asymmetric d-x profile is discussed in term of possible 
interaction between the VBFS and LMFS and/or presence 
of a major crustal structural complexity inherited from the 
previous tectonic phases (i.e. the Olevano-Antrodoco-
Sibillini thrust - OAS) may hampers lateral fault growth 
while favoring growth only by slip accumulation producing 
a displacement gradient that increases at the fault system 
tip (Peacock & Sanderson, 1996; Peacock, 2002). This 
comparison relates the slip events to finite displacement 
on faults and corroborates the existing models for the long 
term accumulation of displacement on faults. 
 
We then provide a reconstruction of the 2016 rupture 
pattern, both at surface and depth, as representative of 
the VBFS behavior, and a discussion on the fault system 
boundaries persistence as well as on the significance of the 
repeated surface faulting at the same location. 
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along the base of a preexisting, SW dipping active normal 
faults, which exhibit a long-term geomorphologic and geologic 
expressions (e.g.: ∼20m high Quaternary fault scarp and >500 
m of net offset, respectively, along the Cordone del Vettore 
fault, at the southern termination of the VBFS). In some cases, 
the coseismic slip occurred on small variably-oriented faults 
planes, inherited from the Jurassic extensional phase. 
Kinematic indicators of coseismic slip point out a consistent 
almost pure dip-slip kinematics of the fault blocks, with a 
subtle component of left-lateral slip on the SW-dipping planes, 
and subordinate right-lateral movement on the antithetic NE-
dipping ruptures. Also, the direction of the coseismic slip 
vectors are comparable with that of the exhumed normal fault 
planes. Surface ruptures are organized into sub-parallel 
strands, showing stepping relationships and several 
underlapping regions. The width of the overall near-fault 
coseismic deformation zone widens in the central and 
southernmost sectors of the VBFS, being ∼3.5 km in the Mt. 
Porche sector, and ∼2.5 km in the Castelluccio sector. We 
found a complex slip distribution of the 30 October ruptures, 
with an average value of about 0.3 m and a ∼2 km-long zone 

of concentrated vertical displacement >1 m, displaying local 
throw exceeding 2.3 m along the Cordone del Vettore fault, 
coincident with the 24 August throw maxima. 
 
In general, the 30 October event dominates the coseismic 
slip distribution sum of the three events (i.e. the average 
net displacement is four time that of both the 24 August 
and of the 26 October events). As a whole, it describes an 
asymmetric bell-shaped curve, with a larger slip gradient 
along the southern section of the VBFS. 
 
The surface slip heterogeneity displays a remarkable 
similarity with the complex slip distribution inferred from 
kinematic inversion of strong motion data, thus suggesting 
a link between deep slip patches and local surface slip 
peaks. In fact, the overlapping 30 October and 24 August 

near-fault surface coseismic displacements differ by one 
order of magnitude, consistent with the estimates of slip 
from the seismological data. 
 
The distribution of the aggregate long-term displacement 
observed by means of the geologic cross-sections along the 
main Quaternary splays helps to constrain the geometry of 
the complex VBFS, characterized by an asymmetric bell-
shaped curve of the d-x profile (i.e. displacement-length) 
which displays some similarity with the coseismic one, but 
distinct from the LMFS segment. 
 
The asymmetric d-x profile is discussed in term of possible 
interaction between the VBFS and LMFS and/or presence 
of a major crustal structural complexity inherited from the 
previous tectonic phases (i.e. the Olevano-Antrodoco-
Sibillini thrust - OAS) may hampers lateral fault growth 
while favoring growth only by slip accumulation producing 
a displacement gradient that increases at the fault system 
tip (Peacock & Sanderson, 1996; Peacock, 2002). This 
comparison relates the slip events to finite displacement 
on faults and corroborates the existing models for the long 
term accumulation of displacement on faults. 
 
We then provide a reconstruction of the 2016 rupture 
pattern, both at surface and depth, as representative of 
the VBFS behavior, and a discussion on the fault system 
boundaries persistence as well as on the significance of the 
repeated surface faulting at the same location. 
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INTRODUCTION 
 
Many continental earthquakes, including the 2016 Mw 7.8 
Kaikoura and 2010 Mw 7.1 Darfield earthquakes, are 
sourced from the concurrent rupture of multiple faults 
with different orientations, rupture kinematics, and source 
Mw contributions (e.g., Hamling et al., 2017; Beavan et al., 
2012). Here we ask, how globally common are multi-fault 
earthquake ruptures, and why do they occur? 
 
To address these questions, we must first distinguish a 
“single earthquake” emanating from a spatiotemporally 
defined source from multiple earthquakes separated in 
time and / or space. Temporal gaps in seismic moment 
release rate exceeding 20 seconds are interpreted as 
distinct earthquakes (≤ 20 second gaps are interpreted as 
a single earthquake). Fault ruptures with the most 
proximal subsurface rupture termini exceeding 10 km 
apart are classified as distinct earthquakes (≤ 10 km gaps 
are interpreted as a single earthquake source). These 
criteria allow us to distinguish a defined multi-fault 
earthquake from multiple fault ruptures (multiple 
earthquakes) with intervening non-rupturing periods 
indicated by moment release rate gaps that may be 10s of 
seconds or hours apart, such as the 1986 Tennant Creek 
(Bowman 1992) and 2010-2011 Canterbury earthquake 
sequences (Quigley et al., 2016) and (ii) dynamically-
triggered earthquakes on distal fault systems that occur 
quasi-instantaneously with the mainshock but that are not 
structurally or kinematically linked to the mainshock 
source fault(s) (Nissen et al., 2016).  
 
We define a distinct “fault” using two different sets of 
criteria that incorporate structural and kinematic 
components of the rupture source. A geometrically distinct 
fault deviates at its termini by ≥ 20 degrees in strike and / or 
≥ 20 degrees in dip from the termini of its nearest 
neighbouring faults. A kinematically distinct fault is 

distinguished by abrupt changes of ≥ 30 degrees in the slip 
vector (rake and / or azimuth) from neighbouring faults. We 
also count the number of distinct slip patches (i.e., 
asperities) with minimum slip values ≥ 1 m that taper 
outwards to encircling low slip domains in the source 
models, although we do not explicitly consider these in the 
fault population analyses presented herein 
 
We first downloaded 197 seismic source models for 92 
different earthquakes from the SRCmod Catalogue 
(http://equake-rc.info/SRCMOD/) (Mai and Thingbaijam, 
2014) from June 1 to August 1, 2017. All original publication 
sources were consulted to confirm the reliability of the 
source models in the database. A further 60 source models 
for 43 different earthquakes were obtained using Google 
Scholar and Scopus searches for “earthquake source model” 
over the same time interval. Earthquakes dates are between 
April 1906 and June 2017 and corresponding source models 
were published between 1982 and 2017. For earthquakes 
where multiple source models and fault populations exist, 
we selected a preferred model based on the perceived 
quality and quantity of data used to derive the source model. 
Models were typically given the higher preference if they 
included InSAR, GPS and near-source seismicity data (e.g., 
strong ground motion data) that allowed rupture complexity 
to be investigated in higher fidelity than models where 
teleseismic data was the primary input. Our dataset should 
be viewed as preliminary; we are continuously searching for 
missing events and additional source models to gain further 
clarity on this topic. 
 
DISCUSSION 
 
Reported fault populations for individual earthquakes and 
for the overall catalogue typically exceed fault populations 
that can be distinguished kinematically and geometrically 
(Figure 1). The upper-bound for the number of reported 
faults in the catalogue seems to increase with increasing 
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INTRODUCTION 
 
Many continental earthquakes, including the 2016 Mw 7.8 
Kaikoura and 2010 Mw 7.1 Darfield earthquakes, are 
sourced from the concurrent rupture of multiple faults 
with different orientations, rupture kinematics, and source 
Mw contributions (e.g., Hamling et al., 2017; Beavan et al., 
2012). Here we ask, how globally common are multi-fault 
earthquake ruptures, and why do they occur? 
 
To address these questions, we must first distinguish a 
“single earthquake” emanating from a spatiotemporally 
defined source from multiple earthquakes separated in 
time and / or space. Temporal gaps in seismic moment 
release rate exceeding 20 seconds are interpreted as 
distinct earthquakes (≤ 20 second gaps are interpreted as 
a single earthquake). Fault ruptures with the most 
proximal subsurface rupture termini exceeding 10 km 
apart are classified as distinct earthquakes (≤ 10 km gaps 
are interpreted as a single earthquake source). These 
criteria allow us to distinguish a defined multi-fault 
earthquake from multiple fault ruptures (multiple 
earthquakes) with intervening non-rupturing periods 
indicated by moment release rate gaps that may be 10s of 
seconds or hours apart, such as the 1986 Tennant Creek 
(Bowman 1992) and 2010-2011 Canterbury earthquake 
sequences (Quigley et al., 2016) and (ii) dynamically-
triggered earthquakes on distal fault systems that occur 
quasi-instantaneously with the mainshock but that are not 
structurally or kinematically linked to the mainshock 
source fault(s) (Nissen et al., 2016).  
 
We define a distinct “fault” using two different sets of 
criteria that incorporate structural and kinematic 
components of the rupture source. A geometrically distinct 
fault deviates at its termini by ≥ 20 degrees in strike and / or 
≥ 20 degrees in dip from the termini of its nearest 
neighbouring faults. A kinematically distinct fault is 

distinguished by abrupt changes of ≥ 30 degrees in the slip 
vector (rake and / or azimuth) from neighbouring faults. We 
also count the number of distinct slip patches (i.e., 
asperities) with minimum slip values ≥ 1 m that taper 
outwards to encircling low slip domains in the source 
models, although we do not explicitly consider these in the 
fault population analyses presented herein 
 
We first downloaded 197 seismic source models for 92 
different earthquakes from the SRCmod Catalogue 
(http://equake-rc.info/SRCMOD/) (Mai and Thingbaijam, 
2014) from June 1 to August 1, 2017. All original publication 
sources were consulted to confirm the reliability of the 
source models in the database. A further 60 source models 
for 43 different earthquakes were obtained using Google 
Scholar and Scopus searches for “earthquake source model” 
over the same time interval. Earthquakes dates are between 
April 1906 and June 2017 and corresponding source models 
were published between 1982 and 2017. For earthquakes 
where multiple source models and fault populations exist, 
we selected a preferred model based on the perceived 
quality and quantity of data used to derive the source model. 
Models were typically given the higher preference if they 
included InSAR, GPS and near-source seismicity data (e.g., 
strong ground motion data) that allowed rupture complexity 
to be investigated in higher fidelity than models where 
teleseismic data was the primary input. Our dataset should 
be viewed as preliminary; we are continuously searching for 
missing events and additional source models to gain further 
clarity on this topic. 
 
DISCUSSION 
 
Reported fault populations for individual earthquakes and 
for the overall catalogue typically exceed fault populations 
that can be distinguished kinematically and geometrically 
(Figure 1). The upper-bound for the number of reported 
faults in the catalogue seems to increase with increasing 
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year of publication (Figure 2). This could relate to the 
emergence and increasing utility of new technologies (e.g., 
InSAR) that enabled multi-fault earthquake ruptures to be 
better identified, or it could relate to changes in the 
abundance of multi-fault earthquakes. The first use of InSAR 
to identify fault ruptures (Massonnet et al., 1993 – not 
pictured in Figure 2) led to increasing utility of this 
technique; many post-2000 multi-fault earthquake models 
in the catalogue were developed using InSAR (Figure 2). The 
low relative abundance of Mw>7 earthquakes in the early 
(pre-2000) part of the catalogue (Figure 3) prohibits us from 
directly evaluating whether the apparent increase in upper 
bounds of fault populations reflects the increasing 
population of large earthquakes for which rupture models 
were published, and / or an increased occurrence of multi-
fault earthquakes. 
 

 
Figure 1: Number of distinct faults (LOG count of preferred value) 
for 128 earthquakes as reported in literature (REP), distinguished 
kinematically (KIN), and distinguished geometrically (GEO).  
 

 
 
Figure 2: Number of reported faults (‘segments’) versus published 
year of preferred source model. Dotted line denotes exponential fit 
through six earthquakes with largest segment populations.  
 
The smallest Mw multi-fault earthquake based on either 
kinematic or geometric criteria is 6.0 (Figure 4,5). This 
could reflect a reduced ability to resolve multi-fault 
earthquake ruptures at lower Mw and/or an increased 
likelihood that lower Mw earthquakes are confined to 
single fault sources. The upper range of fault populations 
increases with increasing Mw (Figures 4,5). Approximately 
37% of the 135 earthquakes investigated were sourced 
from multi-fault ruptures. The number of earthquake 
source faults does not correlate clearly with strain rate 
(Figure 6) or distance from plate boundary (Figure 7). 

 

 
Figure 3: Earthquake Mw (y axis) versus publication year of 
preferred source model (x axis). 
 

 
Figure 4: Kinematically-distinguished fault populations versus 
earthquake Mw. 
 

 
Figure 5: Geometrically-distinguished fault populations versus 
earthquake Mw. 
 

 
Figure 6: Strain rate versus reported fault segments  
 



PROGRAMME                          8TH INTERNATIONAL PATA DAYS 2017318

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

Figure 7: Distance from plate boundary versus reported fault segments. 
 
Our Coulomb stress modelling (Figure 8) of the source 
faults for the Darfield earthquake (from Beavan et al., 
2012) reveals one reason why multi-fault earthquakes are 
common; static stress changes exerted on receiver faults 
following mainshock rupture (top panel) exceed rupture 
triggering thresholds, and these ruptures in turn trigger 
rupture on other adjacent faults (bottom panel), 
encouraging the rupture to cascade across the network.  
 

Figure 8: Coulomb stress modelling of the Darfield earthquake. 
Fault (1) denotes hypocentral source fault rupture. Faults (2) are 
receiver faults that rupture immediately after fault (1) due to 
imposed static stresses. Combined ruptures of (1) and (2) cause 
large positive static stress changes on the remaining faults, 
enabling rupture spreading across the entire fault network. 
 
Multi-fault earthquakes result in an amalgamated Mw that 
exceeds the Mw of any contributing individual source fault 
(Figure 9). The maximum Mw of the fault system similarly 
exceeds the maximum Mw of any one contributing source. 
The shape of the Gutenburg-Richter frequency-Mw 
distribution is strongly influenced by multi-fault 
earthquakes. If the G-R b value derived from fits to lower 
Mw events is projected to higher magnitudes, the multi-
fault earthquake scenario results in lower-than-expected 
Mw populations in the Mw ranges of the individual source 
faults, whereas the source de-aggregated Mw over-
populates this Mw range.  

The 2016 Mw 7.8 Kaikoura earthquake is perhaps the most 
kinematically and geometrically complex earthquake ever 
recorded (Hamling et al., 2017). However, aspects of this 
earthquake such as the ~25 km gap between adjacent 
ruptures (Kaiser et al., 2017) and possible dynamic 
triggering (Hollinsworth et al., 2017) raise complications on 
how this earthquake should be divided into distinct events 
with different fault populations. This remains a focus of 
further research. Other complex multi-fault earthquakes 
include the 2010 Mw 7.1 El Mayor-Cucapah, 2010 Mw 7.1 
Darfield, 1997 Mw 7.2 Zirkuh (East Iran), and 1992 Mw 7.2 
Landers earthquakes. 
 

 
Figure 9: Geometrically-distinguished fault populations versus 
earthquake Mw. 
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large positive static stress changes on the remaining faults, 
enabling rupture spreading across the entire fault network. 
 
Multi-fault earthquakes result in an amalgamated Mw that 
exceeds the Mw of any contributing individual source fault 
(Figure 9). The maximum Mw of the fault system similarly 
exceeds the maximum Mw of any one contributing source. 
The shape of the Gutenburg-Richter frequency-Mw 
distribution is strongly influenced by multi-fault 
earthquakes. If the G-R b value derived from fits to lower 
Mw events is projected to higher magnitudes, the multi-
fault earthquake scenario results in lower-than-expected 
Mw populations in the Mw ranges of the individual source 
faults, whereas the source de-aggregated Mw over-
populates this Mw range.  

The 2016 Mw 7.8 Kaikoura earthquake is perhaps the most 
kinematically and geometrically complex earthquake ever 
recorded (Hamling et al., 2017). However, aspects of this 
earthquake such as the ~25 km gap between adjacent 
ruptures (Kaiser et al., 2017) and possible dynamic 
triggering (Hollinsworth et al., 2017) raise complications on 
how this earthquake should be divided into distinct events 
with different fault populations. This remains a focus of 
further research. Other complex multi-fault earthquakes 
include the 2010 Mw 7.1 El Mayor-Cucapah, 2010 Mw 7.1 
Darfield, 1997 Mw 7.2 Zirkuh (East Iran), and 1992 Mw 7.2 
Landers earthquakes. 
 

 
Figure 9: Geometrically-distinguished fault populations versus 
earthquake Mw. 
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Abstract: The 1933 M 7.5 Diexi earthquake is another catastrophic event with the loss of over 10,000 lives in eastern Tibet, 
comparable to the 2008 Wenchuan Mw 7.9 earthquake. Because of its unknown surface rupture, the seismogenic tectonics of 
the 1933 earthquake remains controversial. We collected unpublished reports, literature, and old photos associated with the 
1933 earthquake, and conducted field investigations based on high-resolution imagery. Combined with paleoseismological 
analysis, radiocarbon dating, and relocated earthquakes, our results demonstrate that the source of the 1933 earthquake is the 
northwest-trending Songpinggou fault. This quake produced a ＞30 km long normal-fault surface rupture with the coseismic 
maximum offset of ~1.6-1.7 m, suggesting a moment magnitude (Mw) ~6.8. The Songpinggou fault has an average vertical slip 
rate of ~0.27 mm/yr, and may obey a characteristic slip model with a recurrence interval of ~6700 yrs. The normal surface 
rupture probably formed in response to the growth of the reactivated Mesozoic anticlines above the deep-seated Songpinggou 
blind reverse faults. We infer that the reactivated Mesozoic structures between the strike-slip and boundary faults may also take 
a role in strain partitioning of eastern Tibet. This study contributes to a larger understanding of tectonics of large earthquakes 
in a compressional setting and strain partitioning in eastern Tibet. 
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Large earthquakes can provide insights for understanding 
transformation from elastic strain accumulation to 
permanent tectonic deformation in the deforming crust 
(Klinger et al., 2006; Lin et al., 2016). The resultant surface 
rupture gives direct evidence to deformation pattern, 
movement state, and faulting process (Fletcher et al., 
2014; Jayangondaperumal et al., 2017). Therefore, the 
investigation of surface rupture is one of the priorities 
when a large earthquake occurs (Xu et al., 2009). 
 
The Tibetan Plateau is one of the most tectonically active 
regions in the world. The rapid, ongoing collision between 
the Indian and Eurasian plates has resulted in the eastward 
extrusion of the Plateau (Molnar and Tapponnier, 1975; 
Peltzer and Saucier, 1996; Tapponnier and Molnar, 1977; 
Zhang et al., 2004), and generated the uplift of eastern 
Tibet, characterized by strong tectonic compression and 
amounts of reverse faults and folds, accompanied by high 
seismicity (Burchfiel et al., 1995; Hubbard and Shaw, 2009) 
(Figure 1). Especially, the 2008 Wenchuan earthquake (Mw 
7.9) ruptured this area and caused the loss of many 
thousands of lives and large property damage. This quake 
produced a ~300-km long surface rupture along the 
Longmen Shan fault zone, a northeast-trending thrust with 
a right-lateral component (Xu et al., 2009; Zhang et al., 
2010). The 1933 Diexi M 7.5 earthquake is another 
catastrophic 20th century event with the loss of over 
10,000 lives in eastern Tibet (China Earthquake 
Administration, 1999). It destroyed Diexi Town, an 
important ancient town in western Sichuan Province; the 

resultant huge landslides blocked the Minjiang River and 
formed several dammed lakes along the upper reach of 
Minjiang trunk stream and its main tributary, the 
Songpinggou River, in the epicentral area. Two months 
later, the breakout of dammed lakes killed at least 2,500 
from the Maoxian, Wenchuan, to Guanxian (Dujiangyan) 
counties along the middle and lower reaches of the 
Minjiang River (Tang et al., 1983). 
 
However, the 1933 Diexi earthquake occurred during the 
Chinese Civil War. The society was so chaotic that no 
detailed field investigation took place. It remains a matter of 
debate over the source of this earthquake. Different scholars 
and institutes gave different isoseismal contours trending 
east-west (Chang, 1938), northwest (Tang et al., 1983), and 
north-south (China Earthquake Administration, 1999) that 
resulted in three different interpretations for the causative 
fault of the 1933 earthquake: the east-west-trending normal 
Canling Mountain, the northwest-trending left-lateral 
Songpinggou, and the north-south Minjiang faults. Because 
the Minjiang fault is close to the epicenter, it has been 
considered to be the most likely candidate (Chen et al., 1994) 
and has been used in numerous models of seismic hazard 
analysis (e.g. Wang et al., 2010).  
 
However, due to a lack of surface rupture along the 
Minjiang fault, Zhang et al. (2016) proposed a buried north-
south-striking west-dipping ramp-type thrust at a depth of 
~10-15 km beneath the Minjiang River. Although focal 
mechanisms of this earthquake appear to support strike slip 
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Large earthquakes can provide insights for understanding 
transformation from elastic strain accumulation to 
permanent tectonic deformation in the deforming crust 
(Klinger et al., 2006; Lin et al., 2016). The resultant surface 
rupture gives direct evidence to deformation pattern, 
movement state, and faulting process (Fletcher et al., 
2014; Jayangondaperumal et al., 2017). Therefore, the 
investigation of surface rupture is one of the priorities 
when a large earthquake occurs (Xu et al., 2009). 
 
The Tibetan Plateau is one of the most tectonically active 
regions in the world. The rapid, ongoing collision between 
the Indian and Eurasian plates has resulted in the eastward 
extrusion of the Plateau (Molnar and Tapponnier, 1975; 
Peltzer and Saucier, 1996; Tapponnier and Molnar, 1977; 
Zhang et al., 2004), and generated the uplift of eastern 
Tibet, characterized by strong tectonic compression and 
amounts of reverse faults and folds, accompanied by high 
seismicity (Burchfiel et al., 1995; Hubbard and Shaw, 2009) 
(Figure 1). Especially, the 2008 Wenchuan earthquake (Mw 
7.9) ruptured this area and caused the loss of many 
thousands of lives and large property damage. This quake 
produced a ~300-km long surface rupture along the 
Longmen Shan fault zone, a northeast-trending thrust with 
a right-lateral component (Xu et al., 2009; Zhang et al., 
2010). The 1933 Diexi M 7.5 earthquake is another 
catastrophic 20th century event with the loss of over 
10,000 lives in eastern Tibet (China Earthquake 
Administration, 1999). It destroyed Diexi Town, an 
important ancient town in western Sichuan Province; the 

resultant huge landslides blocked the Minjiang River and 
formed several dammed lakes along the upper reach of 
Minjiang trunk stream and its main tributary, the 
Songpinggou River, in the epicentral area. Two months 
later, the breakout of dammed lakes killed at least 2,500 
from the Maoxian, Wenchuan, to Guanxian (Dujiangyan) 
counties along the middle and lower reaches of the 
Minjiang River (Tang et al., 1983). 
 
However, the 1933 Diexi earthquake occurred during the 
Chinese Civil War. The society was so chaotic that no 
detailed field investigation took place. It remains a matter of 
debate over the source of this earthquake. Different scholars 
and institutes gave different isoseismal contours trending 
east-west (Chang, 1938), northwest (Tang et al., 1983), and 
north-south (China Earthquake Administration, 1999) that 
resulted in three different interpretations for the causative 
fault of the 1933 earthquake: the east-west-trending normal 
Canling Mountain, the northwest-trending left-lateral 
Songpinggou, and the north-south Minjiang faults. Because 
the Minjiang fault is close to the epicenter, it has been 
considered to be the most likely candidate (Chen et al., 1994) 
and has been used in numerous models of seismic hazard 
analysis (e.g. Wang et al., 2010).  
 
However, due to a lack of surface rupture along the 
Minjiang fault, Zhang et al. (2016) proposed a buried north-
south-striking west-dipping ramp-type thrust at a depth of 
~10-15 km beneath the Minjiang River. Although focal 
mechanisms of this earthquake appear to support strike slip 
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on the Minjiang fault, a lack of local seismic stations result in 
such poor constraints of fault plane solution that similar data, 
by two different institutes, produced opposite senses of strike 
slip (Wang and Shen, 2011) (Figure 2). With the current dearth 
of direct geologic evidence; finding the surface rupture of the 
1933 Diexi earthquake is the key to its source fault and 
seismogenic tectonics. 
 
In this study, we collected all of the available literature and 
photos related to the 1933 Diexi earthquake and conducted 
extensive field investigations based on the imagery. We found 
fault exposures from some road cuts and a fault scarp on 
alluvial landforms along the Songpinggou River, to verify the 
existence of the Songpingou fault (Figure 2). Real Time 
Kinematic (RTK) GPS and drone photography with the 
resolution of several centimeters are used to survey the 
offsets. Radiocarbon dating is used to constrain the age of the 
displaced units. Combined with relocated earthquakes around 
the epicentral area, we then discuss the relationship of the 
Songpinggou fault and the 1933 Diexi earthquake, as well as 
its tectonic implications in eastern Tibet. This study 
contributes to an understanding of seismogenic tectonics of 
large earthquakes in a transpressional setting in eastern Tibet. 
 

 
Figure 1: Active faults and seismicity in eastern Tibet. Seismic data 
include instrumentally recorded earthquakes (China Earthquake 
Networks Center, http://www.csndmc.ac.cn) and historical catalogue 
(China Earthquake Administration 1999a; b). Fault data are adapted 
after Xu et al. (2009) and Ren et al. (2013a). Focal mechanism data are 
from Global CMT Catalog  (http://www.globalcmt.org): Blue- normal, 
black – strike-slip, and purple- reverse. Date lines are isoseismal data 
adapted from Tang et al. (1983). Inset map shows major boundary 
faults and blocks of the Tibetan Plateau. Black arrows indicate block 
motion direction according to GPS data (Gan et al. 2007). Ⅰ, Qaidam-

Qilian block; Ⅱ , Bayan Har block; Ⅲ , Sichuan-Yunnan block. 
Abbreviations for active faults: ATF, Altyn Tagh fault; HF, Haiyuan fault; 
HYF, Huya fault; JLF, Jiali fault; KF, Kunlun fault; LMSF, Longmen Shan 
fault; LRQF, Longriqu fault; LTF, Litang fault; MEGF, Maoergai fault; 
MJF, Minjiang fault; QCF, Qingchuan fault; RF, Red River fault. 
 
Based on the obtained data and field observations and 
radiacabon dating, we made the following paleoseismic 
conclusions: (1) The source of the 1933 M7.5 Diexi 
earthquake is the northwest-trending Songpinggou fault. It 

generated an ＞ 30 km long normal-faulting surface 
rupture with the maximum coseimic offset of ~1.6-1.7 m. 
Its moment magnitude (Mw) would be ~6.8, with a vertical 
slip rate of ~0.25 mm/yr and may obey a characteristic slip 
model with a recurrence interval of ~6700 yrs. (2) The 
normal-faulting Songpinggou rupture in the 1933 Diexi 
earthquake probably formed in response to the growth of 
the reactivated Mesozoic anticlines above the deep-seated 
Songpinggou blind reverse faults. (3) Large numbers of 
Mesozoic structural zones between the strike-slip and 
boundary faults may take a role in strain partitioning of 
eastern Tibet. 
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Figure 2. Displaced terrace with the base of the lake deposits in a 
road cut west of Diexi Lake. Photo (a) shows displaced alluvial 
gravel. E1, E2, colluvium. Photo (b) indicates smooth fault plane. 
Photo (c) is the striations on the fault plane and clasts in the fault 
zone, showing normal slip. The structural datum is plotted by using 
Rick Allmendinger’s Faultkin program.  
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triggered by shaking of at least MM 9. It has previously been assumed that this landslide resulted from an earthquake on the 
Alpine Fault, which produces Mw ~8.0 earthquakes every ~300 years. However, New Zealand-specific attenuation relationships 
suggest that such an earthquake is unable to produce sufficiently strong shaking at Green Lake. Thus, the Green Lake landslide 
was either triggered by a different earthquake, by weaker shaking, or was not seismically-triggered. Here, we show that the only 
plausible scenario capable of generating MM 9 shaking at Green Lake is an Mw ~7.5 earthquake on the nearby Hauroko Fault. 
The activity of this fault is relatively unknown and such an earthquake would cause MM 9 shaking in Te Anau and MM 8 in 
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INTRODUCTION 
 
Giant (> 1 km3) sub-aerial landslides are rare, with only a 
small number of examples known globally (Korup et al. 
2007). While they can be triggered by a number of 
different factors, the majority are thought to result from 
strong ground shaking associated with earthquakes 
(Hancox & Perrin, 2009). Prehistoric examples therefore 
present an off-fault record of past ground shaking that can 
be used to assess the paleoseismic history of nearby faults 
(e.g. De Pascale et al., 2014; Howarth et al., 2014). 
 
In New Zealand, the largest identified landslide is the 
Green Lake landslide deposit in southern Fiordland (Figure 
1), which covers an area of ~45 km2 and has an estimated 
volume of ~27 km3 (Hancox & Perrin, 2009). This landslide 
was first identified by Whitehouse (1983) and 
subsequently described in detail by Hancox & Perrin (1994; 
2009), but relatively little further work has been published 
on the deposit. Stability analysis of the slope has suggested 
that the catastrophic collapse was triggered by at least 
Modified Mercalli (MM) intensity 9 ground shaking, 
although long-duration MM 8 shaking may also have 
resulted in failure (Hancox & Perrin, 2009). The Green Lake 
deposit therefore provides compelling evidence that this 
region of Fiordland has previously suffered violent shaking 
and may therefore experience similar shaking in the future. 
 
Hancox & Perrin (2009) suggested that this shaking 
resulted from an Mw 7.5+ earthquake on the Alpine Fault, 
> 80 km north of the deposit (Figure 1). This fault has 
been shown to cause Mw ~8.0 earthquakes regularly, with 
average return periods of 290-330 years (Berryman et al., 
2012; Cochran et al., 2017). At least 30 other large (> 106 
m3) prehistoric landslide deposits in the region are also 
thought to have resulted from previous Alpine Fault 
earthquakes due to their proximity to the fault (Figure 1). 
Nevertheless, given the distance between the Green Lake 

deposit and the Alpine Fault, it seems questionable that 
an earthquake on this fault could generate sufficiently 
strong shaking to initiate failure. Instead, the Green Lake 
deposit may provide evidence of a large prehistoric 
earthquake on a different fault. Identifying the most 
likely source is therefore important for assessing 
earthquake hazard in the region. 
 

 
Figure 1: Location of the Green Lake landslide in southern 
Fiordland in comparison to other very large landslide deposits, 
known active faults, and towns and cities. 
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(Hancox & Perrin, 2009). Prehistoric examples therefore 
present an off-fault record of past ground shaking that can 
be used to assess the paleoseismic history of nearby faults 
(e.g. De Pascale et al., 2014; Howarth et al., 2014). 
 
In New Zealand, the largest identified landslide is the 
Green Lake landslide deposit in southern Fiordland (Figure 
1), which covers an area of ~45 km2 and has an estimated 
volume of ~27 km3 (Hancox & Perrin, 2009). This landslide 
was first identified by Whitehouse (1983) and 
subsequently described in detail by Hancox & Perrin (1994; 
2009), but relatively little further work has been published 
on the deposit. Stability analysis of the slope has suggested 
that the catastrophic collapse was triggered by at least 
Modified Mercalli (MM) intensity 9 ground shaking, 
although long-duration MM 8 shaking may also have 
resulted in failure (Hancox & Perrin, 2009). The Green Lake 
deposit therefore provides compelling evidence that this 
region of Fiordland has previously suffered violent shaking 
and may therefore experience similar shaking in the future. 
 
Hancox & Perrin (2009) suggested that this shaking 
resulted from an Mw 7.5+ earthquake on the Alpine Fault, 
> 80 km north of the deposit (Figure 1). This fault has 
been shown to cause Mw ~8.0 earthquakes regularly, with 
average return periods of 290-330 years (Berryman et al., 
2012; Cochran et al., 2017). At least 30 other large (> 106 
m3) prehistoric landslide deposits in the region are also 
thought to have resulted from previous Alpine Fault 
earthquakes due to their proximity to the fault (Figure 1). 
Nevertheless, given the distance between the Green Lake 

deposit and the Alpine Fault, it seems questionable that 
an earthquake on this fault could generate sufficiently 
strong shaking to initiate failure. Instead, the Green Lake 
deposit may provide evidence of a large prehistoric 
earthquake on a different fault. Identifying the most 
likely source is therefore important for assessing 
earthquake hazard in the region. 
 

 
Figure 1: Location of the Green Lake landslide in southern 
Fiordland in comparison to other very large landslide deposits, 
known active faults, and towns and cities. 

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

OBJECTIVE & METHODS 
 
This study aims to identify the most likely earthquake 
scenario capable of triggering the Green Lake landslide, by 
modelling a series of different earthquakes on known 
faults in the region. Ground shaking is modelled using New 
Zealand-specific attenuation relationships from Dowrick & 
Rhoades (2005), with scenario earthquakes devised for 
mapped active faults from the GNS Science Active Fault 
database (http://data.gns.cri.nz/af/) based on known and 
inferred fault parameters. A discussion of the implications 
for earthquake hazard in the region is provided based on 
the results. 
 
RESULTS 
 
Four potential earthquake scenarios with the capability of 
producing MM 9+ shaking are considered (Figure 2).  
 
The first is an earthquake on the Alpine Fault, suggested by 
Hancox & Perrin (2009) to be the trigger for the Green Lake 
landslide. Despite no historically recorded earthquake on 
this fault, several paleoseismic studies have identified 
numerous previous ruptures dating back at least 8 ka. As 
well as being shown to rupture regularly, the fault is 
thought to be relatively uni-modal, with little variation in 
rupture style between individual earthquakes (Berryman 
et al., 2012; Howarth et al., 2012; 2014). These typically 
involve surface ruptures of at least 300 km between 
Charles Sound and Lake Kaniere and displacements of ~8 
m horizontally and ~2 m vertically. Combined with 
estimated fault locking depths of ~12 km (Beaven et al., 
2010), this corresponds to earthquakes with Mw ~8.0. 
 
While such an earthquake is capable of producing MM 9+ 
shaking near to the fault rupture, it only generates MM 7 
shaking at Green Lake (Figure 2a). This is insufficient even 
considering the potential for failure resulting from weaker 
(MM 8), long-duration shaking, and therefore we conclude 
that an earthquake on the Alpine Fault cannot have been 
responsible for the Green Lake landslide. 
 
While the Alpine Fault forms the onshore boundary between 
the Australian and Pacific plates, offshore the boundary is 
the Puysegur Trench, which accommodates eastward 
subduction of the Australian Plate beneath the southern 
South Island (Figure 1). This fault has been responsible for 
some of New Zealand’s largest historically recorded 
earthquakes, including an Mw 7.2 in 2003 and an Mw 7.8 in 
2009 (Hancox et al., 2003; Fry et al., 2010). However, despite 
the 2003 earthquake generating MM 9 shaking in its 
epicentral region, neither was able to generate sufficiently 
strong shaking at distances sufficient to reach Green Lake. 
This suggests if an earthquake on this subduction zone is 
responsible it must be larger than Mw 7.8. 
 
We therefore model two different magnitude earthquakes 
on the Puysegur Trench: Mw 8.0 and Mw 8.5 (Figure 2b & 
c). The 2009 earthquake suggests that the Puysegur Trench 
is able to sustain earthquakes up to Mw 8.0; however, no 
evidence for larger earthquakes on this fault has been 

identified. Nevertheless, recent earthquakes on 
subduction zones globally have highlighted that these 
faults are able to sustain giant earthquakes with Mw >9.0, 
and Mw 8.6 earthquakes have previously been considered 
on the Puysegur Trench as part of national seismic hazard 
studies (Stirling et al., 2012). We therefore model an Mw 
8.5 earthquake to represent a conservative upper estimate 
for earthquakes on this fault. 
 

 
Figure 2: Ground shaking from four different earthquake scenarios 
in southern Fiordland in relation to the Green Lake landslide 
deposit. (A) Mw 8.0 earthquake on the Alpine Fault; (B) Mw 8.0 
earthquake on the Puysegur Trench; (C) Mw 8.5 earthquake on the 
Puysegur Trench; (D) Mw 7.5 earthquake on the Hauroko Fault. 
Only the scenario on the Hauroko Fault is able to produce sufficient 
shaking at Green Lake to trigger failure. 
 
Assuming both scenarios on the Puysegur Trench rupture 
a fault patch between 5 km and 40 km depth, both are 
unable to produce MM 9+ shaking at Green Lake (Figure 2). 
As with the Alpine Fault scenario, an Mw 8.0 Puysegur 
Trench earthquake is only capable of MM 7 shaking at 
Green Lake and therefore cannot be responsible. In 
comparison, an Mw 8.5 earthquake would produce MM 8 
shaking at Green Lake, and therefore could be responsible 
if failure was triggered by long-duration shaking, but does 
not reach the MM 9+ considered most likely by Hancox & 
Perrin (2009). 
 
The final scenario considers rupture of the Hauroko Fault, 
which is located <20 km east of the Green Lake landslide at 
its closest point (Figure 1). This fault runs for ~100 km 
south-west from Lake Manapouri to the southern coast. 
The activity of the fault is relatively poorly understood 
however, it is inferred to accommodate dextral motion and 
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to have sustained Cenozoic movement, thus being 
considered ‘active’. Assuming this fault is capable of 
sustaining earthquakes and, like the Alpine Fault, is locked 
to at least a depth of ~12 km, we suggest a plausible 
maximum magnitude earthquake on this fault could be as 
large as Mw 7.5. Previous earthquakes on unknown or 
poorly known faults in New Zealand have exceeded Mw 7.0, 
with the recent Mw 7.8 earthquake in Kaikōura rupturing 
multiple previously unknown faults (Hamling et al., 2017). 
An Mw 7.5 earthquake on the Hauroko Fault would 
therefore not be surprising. 
 
This scenario is the only one of the four modelled capable 
of producing MM 9+ shaking at Green Lake (Figure 2d). 
Thus, despite being the smallest earthquake and the only 
scenario not on the main plate boundary, an Mw ~7.5 
earthquake on the Hauroko Fault presents the only 
feasible scenario of those modelled to have caused the 
Green Lake landslide. 
 
DISCUSSION 
 
In summary, while the Green Lake landslide is thought to 
have been seismically-triggered, the source of the ground 
shaking has previously been incorrectly assumed to have 
originated from an earthquake on the Alpine Fault. Here, 
we have shown, using New Zealand-specific attenuation 
relationships, that a rupture of the Alpine Fault cannot be 
the cause for this giant landslide. Consequently, this leaves 
only three alternative options: 

i. Failure resulted from weaker shaking than 
modelled stability analysis suggests; 

ii. Failure was not seismically-triggered; or 
iii. Failure resulted from an earthquake on a 

different fault. 
 
The stability analysis undertaken by Hancox & Perrin 
(2009) is appropriate and based on well-founded 
assumptions on the pre-slide topography and strength 
conditions. Further, we note that previous historic large 
landslides in New Zealand have resulted from MM 8-9 
shaking, and most pre-historic large landslides cluster near 
to the Alpine Fault and Puysegur Trench (Figure 1) where 
such shaking recurs at least every ~300 years. Given this 
and the extreme size of the Green Lake landslide, it seems 
unlikely that seismically-triggered failure would result from 
shaking less than MM 8 and we therefore do not consider 
option (i) a viable explanation. 
 
While heavy rainfall in New Zealand has been responsible 
for numerous landslides, the majority of these are 
relatively small in volume compared to the Green Lake 
deposit (Hancox & Wright, 2005). Despite numerous 
predisposing factors at the site making the slope 
susceptible to collapse, the previous stability analysis 
clearly shows the slope was statically stable and required 
some external perturbation to initiate failure. Hancox & 
Perrin (2009) modelled the effect of changes in 
groundwater on the slope stability and showed that only 
changes > 100 m were sufficient to induce collapse. Such 
large-scale changes are unlikely to result from heavy 

rainfall; although the area has high annual rainfall, the 
changes in weather needed to cause such a change in 
groundwater are dramatic and we therefore consider 
option (ii) to be implausible, although we cannot discount 
it entirely. 
 
The only remaining explanation for the collapse of the 
Green Lake landslide is therefore option (iii); an alternative 
earthquake not on the Alpine Fault. While we have shown 
that an Mw ~7.5 earthquake on the Hauroko Fault is a 
potential candidate, our analysis is not comprehensive and 
various alternative scenarios remain untested. For 
instance, an earthquake on an as yet unidentified fault (or 
series of faults) in the vicinity of the deposit could also 
explain the collapse, as may a much larger (Mw 9.0+) 
earthquake on the Puysegur Trench. However, without 
clear evidence for either of these alternatives it is difficult 
to assess their plausibility. 
 
Notably, another large (> 107 m3) landslide deposit west of 
Tuatapere also lies in the MM 9 shaking zone of the 
Hauroko Fault scenario (Figure 2d). While stability analysis 
of this landslide has not been undertaken, its location 
provides further circumstantial evidence for previous large 
ruptures on the Hauroko Fault. 
 
If the Hauroko Fault is responsible for the Green Lake 
landslide, this is likely to have important implications for 
future earthquake hazard in the region. Presently, 
earthquake hazard for southern Fiordland is thought to 
primarily relate to the Puysegur Trench and Alpine Fault 
(Stirling et al., 2012). However, an Mw ~7.5 earthquake on 
or near the Hauroko Fault could cause widespread impacts 
throughout the region. Notably, this scenario produces 
stronger shaking than any of the other scenarios 
considered for the townships of Te Anau, Manapouri, and 
Tuatapere, as well as providing another possible source of 
MM 7+ shaking for Queenstown (Figure 2). For townships 
west of Invercargill and Gore, only an Mw ~8.5 earthquake 
on the Puysegur Trench is able to produce stronger shaking 
than the Hauroko Fault scenario. The Hauroko Fault may 
therefore present one of, if not the, largest earthquake 
hazard to communities in the southern South Island. 
 
The Hauroko Fault is presently considered to have a 
nominal recurrence interval of 5000-10,000 years. While a 
definitive date for the Green Lake landslide has not been 
established, the relatively unmodified deposit suggests 
failure occurred after deglaciation ~14 ka ago. 
Debutressing may therefore have contributed to failure, 
although is unlikely to have been the sole triggering factor. 
Dating of sediments from an infilled landslide dammed 
lake provide a lower age limit of ~11.5 ka (Hancox & Perrin, 
2009) suggesting this event may have occurred between 
12-13 ka ago. If the assumed recurrence interval for the 
Hauroko Fault is accurate, this suggests the fault is late in 
its seismic cycle, or that a more recent earthquake on this 
fault has subsequently occurred. If the latter is true, 
evidence of this may be found from paleoseismic studies 
of the fault or from dating of the large landslide west of 
Tuatapere. 
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to have sustained Cenozoic movement, thus being 
considered ‘active’. Assuming this fault is capable of 
sustaining earthquakes and, like the Alpine Fault, is locked 
to at least a depth of ~12 km, we suggest a plausible 
maximum magnitude earthquake on this fault could be as 
large as Mw 7.5. Previous earthquakes on unknown or 
poorly known faults in New Zealand have exceeded Mw 7.0, 
with the recent Mw 7.8 earthquake in Kaikōura rupturing 
multiple previously unknown faults (Hamling et al., 2017). 
An Mw 7.5 earthquake on the Hauroko Fault would 
therefore not be surprising. 
 
This scenario is the only one of the four modelled capable 
of producing MM 9+ shaking at Green Lake (Figure 2d). 
Thus, despite being the smallest earthquake and the only 
scenario not on the main plate boundary, an Mw ~7.5 
earthquake on the Hauroko Fault presents the only 
feasible scenario of those modelled to have caused the 
Green Lake landslide. 
 
DISCUSSION 
 
In summary, while the Green Lake landslide is thought to 
have been seismically-triggered, the source of the ground 
shaking has previously been incorrectly assumed to have 
originated from an earthquake on the Alpine Fault. Here, 
we have shown, using New Zealand-specific attenuation 
relationships, that a rupture of the Alpine Fault cannot be 
the cause for this giant landslide. Consequently, this leaves 
only three alternative options: 

i. Failure resulted from weaker shaking than 
modelled stability analysis suggests; 

ii. Failure was not seismically-triggered; or 
iii. Failure resulted from an earthquake on a 

different fault. 
 
The stability analysis undertaken by Hancox & Perrin 
(2009) is appropriate and based on well-founded 
assumptions on the pre-slide topography and strength 
conditions. Further, we note that previous historic large 
landslides in New Zealand have resulted from MM 8-9 
shaking, and most pre-historic large landslides cluster near 
to the Alpine Fault and Puysegur Trench (Figure 1) where 
such shaking recurs at least every ~300 years. Given this 
and the extreme size of the Green Lake landslide, it seems 
unlikely that seismically-triggered failure would result from 
shaking less than MM 8 and we therefore do not consider 
option (i) a viable explanation. 
 
While heavy rainfall in New Zealand has been responsible 
for numerous landslides, the majority of these are 
relatively small in volume compared to the Green Lake 
deposit (Hancox & Wright, 2005). Despite numerous 
predisposing factors at the site making the slope 
susceptible to collapse, the previous stability analysis 
clearly shows the slope was statically stable and required 
some external perturbation to initiate failure. Hancox & 
Perrin (2009) modelled the effect of changes in 
groundwater on the slope stability and showed that only 
changes > 100 m were sufficient to induce collapse. Such 
large-scale changes are unlikely to result from heavy 

rainfall; although the area has high annual rainfall, the 
changes in weather needed to cause such a change in 
groundwater are dramatic and we therefore consider 
option (ii) to be implausible, although we cannot discount 
it entirely. 
 
The only remaining explanation for the collapse of the 
Green Lake landslide is therefore option (iii); an alternative 
earthquake not on the Alpine Fault. While we have shown 
that an Mw ~7.5 earthquake on the Hauroko Fault is a 
potential candidate, our analysis is not comprehensive and 
various alternative scenarios remain untested. For 
instance, an earthquake on an as yet unidentified fault (or 
series of faults) in the vicinity of the deposit could also 
explain the collapse, as may a much larger (Mw 9.0+) 
earthquake on the Puysegur Trench. However, without 
clear evidence for either of these alternatives it is difficult 
to assess their plausibility. 
 
Notably, another large (> 107 m3) landslide deposit west of 
Tuatapere also lies in the MM 9 shaking zone of the 
Hauroko Fault scenario (Figure 2d). While stability analysis 
of this landslide has not been undertaken, its location 
provides further circumstantial evidence for previous large 
ruptures on the Hauroko Fault. 
 
If the Hauroko Fault is responsible for the Green Lake 
landslide, this is likely to have important implications for 
future earthquake hazard in the region. Presently, 
earthquake hazard for southern Fiordland is thought to 
primarily relate to the Puysegur Trench and Alpine Fault 
(Stirling et al., 2012). However, an Mw ~7.5 earthquake on 
or near the Hauroko Fault could cause widespread impacts 
throughout the region. Notably, this scenario produces 
stronger shaking than any of the other scenarios 
considered for the townships of Te Anau, Manapouri, and 
Tuatapere, as well as providing another possible source of 
MM 7+ shaking for Queenstown (Figure 2). For townships 
west of Invercargill and Gore, only an Mw ~8.5 earthquake 
on the Puysegur Trench is able to produce stronger shaking 
than the Hauroko Fault scenario. The Hauroko Fault may 
therefore present one of, if not the, largest earthquake 
hazard to communities in the southern South Island. 
 
The Hauroko Fault is presently considered to have a 
nominal recurrence interval of 5000-10,000 years. While a 
definitive date for the Green Lake landslide has not been 
established, the relatively unmodified deposit suggests 
failure occurred after deglaciation ~14 ka ago. 
Debutressing may therefore have contributed to failure, 
although is unlikely to have been the sole triggering factor. 
Dating of sediments from an infilled landslide dammed 
lake provide a lower age limit of ~11.5 ka (Hancox & Perrin, 
2009) suggesting this event may have occurred between 
12-13 ka ago. If the assumed recurrence interval for the 
Hauroko Fault is accurate, this suggests the fault is late in 
its seismic cycle, or that a more recent earthquake on this 
fault has subsequently occurred. If the latter is true, 
evidence of this may be found from paleoseismic studies 
of the fault or from dating of the large landslide west of 
Tuatapere. 

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
Finally, the Green Lake landslide is between 1 and 2 orders 
of magnitude larger than other landslides in the region. 
This gigantic landslide occurred in a region of only 
moderate relief and unexceptional seismicity and 
lithology’s. Further, as we have shown, the collapse of this 
deposit may have been triggered by a relatively moderate 
earthquake on a non-plate boundary fault. It is important, 
therefore, for further work to understand why the Green 
Lake landslide was so large, and to ascertain whether 
moderate earthquakes in moderate relief could trigger 
exceptionally large landslides in the future. 
 
CONCLUSIONS 
 
The giant Green Lake landslide provides substantial 
evidence that the surrounding region has previously 
experienced shaking intensities of at least MM 9. While 
previously thought to have resulted from an Alpine Fault 
earthquake, we have shown that such an event cannot 
produce sufficiently strong shaking at the site. The only 
known fault thought to be capable of generating 
earthquakes with sufficient shaking in the region is the 
Hauroko Fault, which is currently poorly understood. An 
Mw ~7.5 earthquake on the Hauroko Fault would explain 
the Green Lake landslide, and a similar future rupture 
would generate MM 9+ shaking in Te Anau and MM 8 
shaking in Tuatapere. Estimated dates for the Green Lake 
landslide are at the upper end of the Hauroko Fault’s 
assumed recurrence interval, suggesting the fault may be 
late in its seismic cycle. Paleoseismic studies of the fault are 
likely to yield important information on its past as well as 
providing crucial data on the earthquake hazard posed to 
the surrounding region. The Green Lake landslide is 
therefore an important example of how off-fault evidence 
for past earthquakes can be used to identify gaps in our 
knowledge of fault histories and thus improve 
understanding of future seismic hazard. 
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Abstract: Following the 2016 Kaikōura earthquake, one of the first ever near real-time coseismic landslide modelling campaigns 
was undertaken to inform the response to the event. This modelling campaign combined previously published approaches to 
landside modelling with simple runout analysis to model the likelihood of landslide dams forming in order 3+ rivers. Despite 
being undertaken manually, the first outputs of the model were available <24 hours after the earthquake occurred, providing 
the first region-wide landslide analysis of the event. The results were fed to various emergency and science responders at the 
time, and helped define initial reconnaissance flight paths across the affected region. Continued development and automation 
of the model is expected to allow model outputs to be derived faster in future, potentially producing results <30 minutes after 
an earthquake. This approach may therefore be able to provide an important addition to current near real-time shaking models 
such as GeoNet’s ShakeMap. 
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INTRODUCTION 
 
Landslides are one of the most widespread and damaging 
secondary hazards to result from earthquakes in 
mountainous regions (Bird & Bommer, 2004), often 
forming dams that may fail catastrophically and devastate 
downstream communities. Those dams that fail typically 
do so soon after formation (Costa & Schuster, 1988), 
highlighting the need for rapid identification. However, this 
can be difficult in the steep and remote terrain in which 
landslide dams typically form (Korup, 2004; 2005), with 
previous examples in New Zealand remaining unidentified 
for several weeks (Massey et al., 2013).  
 
Previously, approaches to identifying landslides and 
landslide dams following an earthquake have relied on 
either aerial reconnaissance, satellite imagery, or a 
combination of both (Joyce et al., 2009). However, these 
approaches can be hindered by cloud cover, satellite 
return times, helicopter availability, flying conditions, and 
image processing times amongst other factors, meaning 
often the assessments come too late to effectively inform 
emergency response (Robinson et al., 2017; Williams et al., 
2017). One way to combat this is via the use of rapid 
modelling, which is unaffected by such factors. 
 
Despite this, very few attempts to model earthquake-
triggered landslides in near real-time have been made, and 
currently no operational platform exists for such a 
purpose. Following the 2016 Kaikōura earthquake (Figure 
1) we therefore undertook one of the first ever near real-
time modelling campaigns in order to inform response to 
the event. This paper briefly summarises some of the 
results of that campaign, with a more detailed description 
of the methods and results intended to follow in a Special 
Issue on the earthquake in Bulletin of Seismological Society 
of America (Robinson et al., forthcoming).  

 
Figure 1: Landslides and landslide dams from the 2016 Kaikōura 
earthquake in relation to ground shaking. Landslides from Sotiris 
et al., (2016), landslide dams from ECan (2017). 
 
METHODS AND OBJECTIVES 
 
This study aims to demonstrate the predictive ability of 
near real-time landslide modelling for informing 
emergency and science response post-earthquake based 
on results from the 2016 Kaikōura earthquake. In 
particular, this study provides results produced at the time 
of the event on the likelihood of landslide dam locations in 
order 3 or larger rivers during the earthquake. 
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Despite few attempts at near real-time landslide 
modelling, two main approaches exist: Newmark sliding 
block analysis and empirical analysis. Newmark 
approaches (e.g. Gallen et al., 2016) combine slope angle, 
ground shaking, and rock mass strength to estimate slope 
factor of safety for each pixel in the study area. However, 
these approaches are hindered by a lack of data on rock 
mass strength at scales relevant to landsliding. 
Alternatively, empirical analyses (e.g. Nowicki et al., 2014; 
Kritikos et al., 2015) use observations of landslides in 
multiple previous earthquakes to identify pixels with 
similar preconditions, assuming that landslides occur 
under similar conditions globally.  
 
Previously, the empirical analysis of Kritikos et al. (2015), 
which is based on observations from the Northridge, 
Wenchuan, and Chi-Chi earthquakes, has been shown to 
accurately model landslides from historic earthquakes in 
New Zealand (Robinson et al., 2016). This method 
facilitates rapid modelling of landslide hazard in GIS due to 
the limited data requirements and pre-existing formulae 
describing the relationship between landsliding and 
various preconditioning factors. These factors include: 

i. Slope angle; 
ii. Ground shaking; 

iii. Distance from active faults; 
iv. Distance from rivers; and 
v. Slope position. 

Combining the influence of these five factors for a given 
earthquake provides an analysis of the probability of 
landslides occurring in any given pixel. Following the 
Kaikōura earthquake, this method was applied manually in 
order to identify where landslides were most likely to have 
occurred ( 
Figure 2). 
 

 
Figure 2: Modelled landslide hazard for the 2016 Kaikōura 
earthquake based on the method of Kritikos et al. (2015). 

To model the likelihood of landslide dam formation during 
the earthquake, this study undertook an analysis based on 
the expected mobility of landslides. By assessing the angle 
between all pixels in the study area and the river network, 
the required mobility of landslides to reach the 
corresponding river can be derived. Assuming most 
landslides will have angles of reach ≥30° (Hungr et al., 
2015) identifies those pixels from which landslides are 
expected to reach the river. Averaging the probability of 
landslide occurrence ( 
Figure 2) in the corresponding pixels therefore provides an 
estimate of the likelihood of one or more landslide dams 
forming. 
 
At the time of the earthquake, this analysis was 
undertaken for all order 3+ rivers in the northern South 
Island. While landslide dams also formed on smaller rivers, 
confining the analysis to order 3 rivers provided the best 
compromise between modelling speed and identifying 
those dams likely to present the highest risk. 
 
RESULTS 
 
The 2016 Mw 7.8 Kaikōura earthquake occurred at 
00:02hrs on 14 November New Zealand Standard Time 
(NZST). At the time, an automated approach to modelling 
earthquake-triggered landslide hazard was not available. 
Consequently, consideration was given to whether manual 
application of the Kritikos et al. (2015) method could be 
undertaken sufficiently quickly. These were hampered by 
the modelling team being located in the GMT time zone (13 
hours behind NZ at the time). Eighteen hours after the 
earthquake occurred, it was decided that manual 
application of the model could still yield useful and useable 
results, and collection of the necessary data (i.e. digital 
elevation model, earthquake shaking, river networks etc.) 
began. 
 
Initial data collection and processing was completed at 
21:00 hrs on 14 November NZST, ~21 hrs after the 
earthquake occurred. Subsequent manual application of 
the model was undertaken and completed ~30 mins later, 
yielding the first region-wide analysis of landsliding 
(Figure 2) from the earthquake <21.5 hrs after the 
earthquake occurred. At the same time, an analysis of the 
likelihood of landslide dams was also undertaken and 
completed (Figure 3).  
 
The landslide dam model results suggested that 261 
locations on the river network had ≥60% likelihood of 
landslide dam blockage. The majority of these locations 
were located on the eastern slopes of the coastal ranges 
between Waiau and Ward, where both ground shaking 
(Figure 1) and landslide hazard were high (Figure 2). Of 
these 429 locations, 90 had likelihoods >70%, of which 41 
locations were north of Kaikōura (Figure 3). 
 
At the same time as the modelling was being undertaken, 
separate efforts to identify landslides and landslide dams 
from aerial reconnaissance and satellite imagery were also 
being undertaken. The first publically available assessment 
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of landsliding from the earthquake came from Sotiris et al. 
(2016), who identified 1771 landslides (Figure 1) from 
satellite images taken after the event. Nevertheless, this 
mapping was not completed until >5 days after the 
earthquake, and subsequent analysis has shown the total 
number of landslides to be at least 5x greater than this 
initial inventory. Further, this inventory did not contain any 
details of landslide dams, and consequently the first 
publically available data on landslide dams did not become 
available until 18 days after the earthquake, when 
Environment Canterbury released data from aerial and 
ground based reconnaissance (ECan, 2017). This identified 
>190 landslide dams that formed during the earthquake, of 
which 58 were located on order 3+ rivers (Figure 1). 
 

 
Figure 3: Likelihood of landslide dam formation in order 3+ rivers 
from the 2016 Kaikōura earthquake. Modelling was undertaken 
manually and completed <21.5 hrs after the earthquake occurred. 
 
Using this data, we assess the accuracy of the landslide 
hazard (Figure 2) and landslide dam (Figure 3) models 
completed within the first 24 hours of the earthquake 
occurring. This shows that of the 1771 landslides mapped, 
1063 (~60%) occurred in pixels where the likelihood of 
landslides was ≥60%. However, the total number of pixels 
in which landslide likelihood was ≥60% was >500,000 
(~1800 km2), confirming the model was largely over-
predicted. Comparatively, of the 58 landslide dams on 
order 3+ rivers, 52 (~90%) occurred at locations where 
modelled landslide dam likelihood was ≥60%, and 10 
(~17%) occurred at locations ≥70% likelihood. 
 
While both model outputs are therefore able to predict the 
majority of landslide and landslide dam locations, both are 
notably over-predicted. This is common to most landslide 
hazard models and demonstrates the difficulties in 
predicting landslide occurrence and high resolution (~60 m 
pixels). Nevertheless, it is notable that in both the landslide 
hazard and landslide dam model outputs, the area 

encompassed by likelihoods ≥60% is broadly equivalent to 
the observed extent of landsliding and landslide dams. 
Thus, considering the speed with which these models can 
be produced and the large percentage of true positives 
that they can capture, these results are potentially useful 
as a rapid method for delimiting the total area affected by 
landslides and landslide dams. Compared to more 
traditional approaches to identify landslides, which can 
take days or weeks, this may therefore enable better 
understanding of landslide hazard post-earthquake earlier 
in the response phase. 
 
DISCUSSION & CONCLUSIONS 
 
This study has described the results of one of the first-ever 
near real-time earthquake-triggered landslide modelling 
campaigns. Currently, operational near real-time 
earthquake modelling is predominantly focussed on either 
the ground shaking resulting from the earthquake (e.g. the 
GeoNet Shakemap) or on aggregated earthquake losses 
(e.g the USGS PAGER; Wald et al., 2008). Specifically, 
identifying the impacts resulting from landslides is 
therefore important for informing emergency response, as 
this may enable greater understanding of the causes of 
impacts in different locations. 
 
In particular, the rapid assessment of landslide dams is a 
crucial component of near real-time modelling of 
earthquake impacts. The majority of landslide dams that 
fail do so soon after they form, with >25% failing within 24 
hours of formation (Costa & Schuster, 1988). Because 
landslide dams form in steep and narrow valleys they can 
be difficult to identify from the ground and may therefore 
go unnoticed. Any subsequent catastrophic failure of a 
landslide dam could therefore have potentially devastating 
consequences for downstream communities. Rapidly 
identifying where landslide dams may have formed is 
therefore a crucial component of post-earthquake 
assessments in mountainous terrain. 
 
While the model outputs described in this study are largely 
over-predicted, importantly the total spatial extent of 
landslides and landslide dams was captured. Consequently, 
such outputs can provide an initial, rapid analysis of locations 
that require urgent assessment via either ground-based or 
aerial reconnaissance. These outputs may also therefore help 
to prioritise those locations in urgent need of such 
reconnaissance. Presently, most emergency reconnaissance is 
undertaken based on incoming reports from an affected 
location. However, in the aftermath of large earthquakes 
some locations in need of assistance may be cut off and 
without means of communication, potentially leading to them 
being overlooked. Following the 2015 Nepal earthquake, it 
took ~1 week before emergency responders were alerted to 
potential landslide impacts in Langtang Valley, where a large 
landslide had destroyed a village and partially blocked the 
valley, cutting both access and communication (Kargel et al., 
2015). Models such as the one described here may reduce the 
chance of this happening by providing an unbiased 
assessment of the locations potential in need of aid, allowing 
emergency responders to prioritise reconnaissance at 
locations even if communications are not readily available. 



8TH INTERNATIONAL PATA DAYS 2017                           PROGRAMME331

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

of landsliding from the earthquake came from Sotiris et al. 
(2016), who identified 1771 landslides (Figure 1) from 
satellite images taken after the event. Nevertheless, this 
mapping was not completed until >5 days after the 
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publically available data on landslide dams did not become 
available until 18 days after the earthquake, when 
Environment Canterbury released data from aerial and 
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Finally, it is important to note that, despite being 
completed <21.5 hrs after the Kaikōura earthquake, the 
results of this study could have been completed sooner. 
Firstly, the lack of an operational automated approach was 
the main hindrance, as this required modellers to consider 
manual application of the model and communicate with 
responders in different time zones. This delay accounted 
for ~18 hrs (>80%) of the time required to produce the 
model and could be reduced, or removed entirely with an 
automated model. Of the remaining 3.5 hrs required to 
complete the modelling, 3 hrs involved downloading and 
processing the necessary data. Given that the only data not 
available prior to the earthquake is the ground shaking 
models, which are typically available within minutes of an 
earthquake occurring, this time could be reduced by 
compiling pre-event repositories of the necessary and 
available input data. Consequently, if such measures are 
undertaken, it is conceivable that in future landslide 
impact models could be completed within 30 mins of an 
earthquake occurring. 
 
This study has therefore demonstrated that modelling may 
provide a rapid and accurate approach to understanding 
landslide impacts following an earthquake, providing 
results faster than current manual mapping approaches 
can afford. Using the outputs of these models to inform 
reconnaissance mapping may subsequently improve these 
manual mapping speeds and reduce the likelihood of 
affected locations going unnoticed due to lack of 
communication as has recently occurred. Producing rapid 
analysis of the potential locations of landslide dams 
following an earthquake may enable more rapid 
identification of such dams and potentially help avoid 
further losses resulting from catastrophic outburst floods 
that may occur within 24 hours of the earthquake. 
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seven surface ruptures, all having occurred in the past 1.2 ka, with the most recent event (MRE) in 1910 (~M6-6.2) laterally 
displacing an 1890’s water flume by ~25 cm. The short recurrence interval suggests the occurrence of moderate-size earthquakes 
that rupture this short section of fault, which contrasts sharply with the long recurrence interval and larger displacements for 
the Whittier fault to the northwest and the Temecula Valley-Agua Tibia section to the southeast. 3D excavation of small fluvial 
channels in Glen Ivy Marsh that only ruptured in the ca 1300 AD earthquake indicate that as much as 87 cm of lateral slip 
occurred on a secondary fault strand, with additional slip likely also having occurred on the main strand. This indicates that some 
ruptures were significantly larger than 1910. 
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INTRODUCTION 
 
The Elsinore fault is a major branch of the San Andreas fault 
system in southern California that extends about 200 km 
from the Santa Ana River near the southern margin of the LA 
Basin southeast for 200 km to the Yuha Basin (Figures 1 and 
2). Farther south, the Elsinore fault transfers slip to the 
Laguna Salada and related faults in the Sierra Cucapah and 
Sierra Mayor in northern Baja California, Mexico, two of 
which generated M7.2 earthquakes in 1892 and 2010. To the 
northwest, the Elsinore fault feeds slip directly into the Los 
Angeles basin via the Whittier fault (Figure 1). The only 
notable historical earthquake on the Elsinore fault itself is 
the May, 1910 Glen Ivy earthquake at ~M6-6.2 that 
produced about 25 cm of right-lateral displacement at Glen 
Ivy Marsh (Brake, 1987; Rockwell et al., 2016). 
 

 
Figure 1. Generalized map of major faults in southern California, 
with the Elsinore fault in red. Total motion across the entire 
system is about 50 mm/yr. 
 
Total slip on the northern Elsinore fault is estimated at 9-11 
km (Weber, 1977), whereas displacement is only 2.5-3 km 
along the central Elsinore fault at Granite Mountain near 
Julian (Magistrale and Rockwell, 1996). Magistrale and 
Rockwell recognized the double-stranded nature of the 
central Elsinore fault with the eastern strand being the 
Earthquake Valley fault (Figure 1), which transfers the balance 

of the displacement to the southeast onto the southern San 
Jacinto fault zone (Gordon and Rockwell, 2015). Estimates of 
the slip rate range from 2-9 mm/yr with a best estimate of ~5 
mm/yr on the northern Elsinore fault (Millman and Rockwell, 
1986; Vaughan and Rockwell, 1986; Rockwell et al., 2000), 
with large uncertainties because age control for two of the 
studies was based on soil age estimates and the Rockwell et 
al. study only included slip for the past 2 ka. To the south, 
Magistrale and Rockwell estimate a rate for the past 900 ka on 
the central Elsinore fault of about 2.8 mm/yr, and Rockwell et 
al. (2013) estimate about 2.5 mm/yr for the Earthquake Valley 
fault based on offset of middle Quaternary deposits that 
contain the ~800 ka Bishop Tuff. Farther south in the Coyote 
Mountains, the slip rate very close to the faults’ southern 
terminus was resolved by U-series dating of pedogenic 
carbonate in offset alluvial fans to be 1.6+0.4 mm/yr (Fletcher 
et al., 2011). A more recent study several kms to the 
northwest from the Fletcher et al. study, and using the same 
methods, resolved a higher rate of 2.4 mm/yr (Rockwell et al., 
2017 in review), and they suggest that the full rate in the 
central part of the range is likely 2.5-3 mm/yr. 
 
In this paper, I present paleoseismic results from Glen Ivy 
Marsh along the northern Elsinore fault that were 
completed in the 1980’s but that until now, were mostly 
unpublished. The initial trench results were presented in a 
guidebook (Rockwell et al., 1986), and extensive 
subsequent work and dating results are presented here.  
 
PALEOSEISMOLOGY OF GLEN IVY MARSH 
 
Glen Ivy Marsh is a linear sag depression caused by a releasing 
bend in the Glen Ivy North strand of the Elsinore fault (Figure 
2). The Glen Ivy North fault strand is about 15-20 km in length 
and lies between the Eagle fault strand to the north and the 
2.5 km-wide releasing step at Lake Elsinore to the south, 
where fault slip steps to the Wildomar fault strand. Lateral 
juxtaposition of Pleistocene alluvial fan deposits from north of 
the bend provide a trap for sediments shed from the Santa 
Ana Mountains to the west (Millman and Rockwell, 1986). 
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Twelve trenches, with numerous secondary cuts, were 
excavated (Figure 3) to expose the marsh sediments and fault 
zone. The main trench (MT-1) was excavated as three 
benches, each 1-1.5 m high, that were cut back as successive 
slices at 30-50 cm intervals, ultimately exposing over 30 faces. 
A deep trench was cut down the middle of MT-1 exposing 
stratigraphy and faulting to 6 m depth. Trenches AT-8 and AT-
12 were excavated parallel to the fault zone to connect and 
correlate all stratigraphic units. Trench AT-12 encountered a 
concrete flume constructed by hand in the 1890’s; the flume 
was cleaned off and found to be laterally offset about 25 cm, 
which is attributed to the 1910 Glen Ivy earthquake, estimate 
at about M6-6.2 (Brake, 1987; Rockwell et al., 2016). 

The marsh has accumulated a sequence of well-bedded 
sand, silt and clayey strata with some pebbly gravel layers, 
separated by centimeter-thick organic peat-like layers 
(Figure 4), many of which are dated by 14C (Table 1). The 
peats are numbered sequentially from 1 near the surface 
down to 28/29, and stratigraphic units are designated with 
letters (following Rockwell et al., 1986). Evidence for past 
surface ruptures was well-expressed in many exposures as 
upward terminations of fault splays, liquefaction of fine-
grained sand flowing down into the fault zone and capped 
by bedded sediment, and angular unconformities that 
indicated a folding event (Figures 4 and 5). 

 

 

Figure 2. Generalized geologic 
map of the northern Elsinore fault, 
with individually named fault 
strands (derived from the CDMG 
Santa Ana Geologic Sheet). Trench 
sites are indicated. 

Figure 3. Map of trenches at Glen Ivy Marsh. The main trench (MT-1) 
was the site of 30 successive cuts at 30-50 cm intervals. Lateral trenches 
were excavated to connect all stratigraphic units. It was found after 
excavation of trenches AT-3 to 9 and AT-12 that the upper meter of 
section was missing from the center of the site, a consequence of a drain 
ditch from 1977. 

 

 
Figure 4. Mosaic of the upper 2+ m of cut 0+90 cm in MT-1 showing evidence for several of the interpreted events. The MRE ruptures to the 
surface into the topsoil (A) horizon and laterally offsets a concrete flume by about 25 cm (Rockwell et al., 2016). The penultimate event is 
interpreted to have ruptured to the surface prior or during the formation of the A horizon, as the entire section is strongly tilted which cannot 
be attributed to the 1910 earthquake. The third event ruptures up through unit C and peat 3 and is capped by peat 2 and unit B in this and many 
exposures. There is also an angular unconformity between units B and C. A third event is recognized as faulting and liquefaction up through unit 
E and peats 8 and 9, capped by fine sand of unit D and peats 7 and 6. A 4th event caused ruptura up through unit F and peat 11, which is then 
capped by peat 10 and upper unit E. MT-1 was excavated to 6 m depth. 
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Figure 5. Log of the east Wall, trench AT-7. Note that the Young faulting is north (left) of the área of sag sediment accumulation, so most late 
Holocene events won’t be recognized. Note also the liquefaction and folding of sediments below peat 10, and the angular unconformity between 
peats 11 and 10, supporting evidence for event 4. Another event is indicated by faulting of peat 27, capped by peat 26. 
 
Evidence for six or seven late Holocene (past 1.2 ka) ruptures 
was found in the stratigraphy exposed in the trenches, 
although evidence for some ruptures was obscured by 
bioturbation, which was locally extensive, or not recorded by 
periods of non-deposition. A buried soil (unit I in Figures 4, 5 
and 7) is developed in mid-Holocene stratigraphy within and 
east of the fault zone, and a massive clayey section below unit 
I, is present on the downthrown (SW) side of the fault, 
probably due to an extended period of bioturbation when the 
sag depression experienced drier conditions. 
 

 
Table 1. Radiocarbon dates from Glen Ivy Marsh. Dates were run 
at the University of Washington (QL) and Arizona (A). Most dates 
are on bulk peat samples and likely contain a mix of detrital ages. 
 
Figure 5 shows the log from trench AT-7, where the main 
fault is located along the margin of sedimentation such 
that discrete ruptures cannot be recognized. Nevertheless, 
some events caused folding and liquefaction of the bedded 
stratigraphy, producing angular unconformities and 
discordant folding. 
 
Figure 6 shows one of the exposures in the area of AT-4 
where peat 8 is offset and capped by the upper part of unit 
D and peat 7. 3D hand excavations exposed the edges of a 
unit D channel that was offset 48 cm on a secondary fault 

during event 4 at about 1350 A.D. An additional 39 cm of 
offset is accomodated by folding, suggesting that this 
secondary fault produced at least 87 cm of strike-slip 
(Brake, 1987). As there was almost certainly additional slip 
on the main fault, this event is interpreted to have been 
significantly larger than the 1910 earthquake. 
 

 
Figure 6. Secondary fault splay produced during the ca 1300 AD 
earthquake. Faulting up through P8 and into the very base of unit 
D, capped by unit D and P7. This splay offset a small sand cannel 
by at least 87 cm, when folding is included. 
 

 
Figure 7. Logged photo of third bench of cut 0+00 (original trench 
face) in MT-1. Evidence for a surface ruptura is juxtaposition of unit 
I against peats 23 and 24, capped by peat 22. 
 
Rupture event horizons are identified as E1 through E7. E1 is 
interpreted as the 1910 earthquake as it breaks to the soil 
surface, producing soil-filled fissures that extend down into 
the fault zone (Figures 4 and 5). A ca 1890’s concrete flume 
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is laterally offset about 25 cm whereas a 1914 terracotta 
pipe displays no lateral offset (Brake, 1987; Rockwell et al., 
2016). Event E2 is an inferred event to explain the large 
amount of folding and tilting observed above peats P1 and 
P2 in the MT1 exposures, which are difficult to explain with 
only the 1910 earthquake (see Figure 4). A rupture could be 
hidden in the surface soil because there has been no 
deposition across the fault for the past few hundred years. 
The first settlers occupied a site adjacent to the marsh in 
1810, so any additonal event must predate this date. 
Alternatively, much of this warping may have resulted from 
subsidence from groundwater withdrawal, so this remains a 
questionable interpretation. Event E3 ruptured up through 
peat P3 in many exposures and is capped by peat P2, and an 
angular unconformity between peats P2 and P3 is evident in 
many exposures (see Figure 4). Event E4 ruptured up 
through peat P8, and is capped by unit D and peat P7 in many 
exposures (see Figures 4 and 6). Event E5 ruptured up 
through peat P11, is capped by fine sand strata that contains 
peat P10, and is associated with liquefaction and folding of 
strata between peats P11 and P10 (see Figures 4 and 5). 
Event E6 juxtaposes unit I against peats 23 and 24 and is 
capped by peat 22 (Figure 7). Finally, event E7 ruptured 
through unit I and peat 27, and is capped by peat P26 (see 
figure 5). The radiocarbon dates on individual peat layers are 
presented in Table 1, and an OxCal model of the event ages 
is presented in Figure 8. 
 

 
Figure 8. OxCal model of interpreted surface ruptures on the 
Elsinore fault at Glen Ivy Marsh. 

DISCUSSION 
 
The Glen Ivy north strand of the northern Elsinore fault 
ruptures on average every 180 years, with some 
earthquakes being of moderate size, such as in 1910, and 
some being larger, such as in ca 1350. It is likely that the 
larger events represent “cascade” earthquakes that 
involved the Elsinore fault to the north and/or south, 
whereas the smaller, 1910-type events ruptured only the 
short 15-20 km-long fault between the Lake Elsinore 
releasing step and the Glen Ivy North releasing bend. 
 
Comparison of the paleoseismic record to the south near 
Pala suggests that event E2 could correspond to the MRE 
along the Wildomar fault, as documented at Agua Tibia 
Mountain (Vaughan et al., 1997). The late Holocene record 
is mostly missing at the Pala site, but Vaughan et al. (1997) 
estimate the average recurrence interval to be about 400-
600 years based on preservation of the middle to late 
Holocene earthquake record. The longer average recurrence 
interval is consistent with the longer Wildomar fault strand 
of the Elsinore fault zone, about 50 km, which argues for 
larger earthquakes. Combined with the ~10 m offset of a 1.9 
ka fluvial channel at Murrieta (Rockwell et al., 2000) suggests 
2-3 m for slip per event on the Wildomar fault. Using the 
same rational, and the ~180 year recurrence interval for the 
Glen Ivy North segment suggests average slip per event of 
about 90 cm, which is larger than 1910 and likely smaller 
than the 1350 event. In contrast to the north, the MRE on 
the Whittier fault predates all of the Glen Ivy events by 
several hundred years, consistent with its lower slip rate and 
multimeter slip per event (see Gath et al., this volume). 
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Abstract: The National Archaeological Park of Machupicchu (Cusco, Peru) is one of the most important archaeological sites in 
the world. The relevance of this site makes the necessity of the prevention against natural hazards. Peru is affected by large 
earthquakes from the Pacific Trench, and there are important active on-shore faults in the Andean Range that could generate 
destructive earthquakes (M>7). In this study we show the preliminary result of the analysis of Earthquake Archaeological Effects 
(EAEs) and their differentiation from the effects generated by slope movement (creep) in Machupicchu. This type of study may 
be useful in the future for the prevention of earthquake effects in the archaeological site. 
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INTRODUCTION 
 
The archaeological site of Machupicchu, located in the 
Oriental Cordillera in the Andes (Fig. 1), is affected by 
different geological hazards, mainly landslides and 
erosional process, controlled and monitored by the 
National Archaeological Park. Some of these processes 
affected the archaeological buildings of the Inca culture 
like displacements in masonry blocks.  
 

Figure 1: Physiographic setting of the National Archaeological Park 
of Machupicchu (Cusco, Peru) (modified from Carlotto et al., 2007). 
 
The largest and more destructive earthquakes in Peru are 
generated by the subduction zone in the Pacific Coast 
(Perfettini et al., 2010). Also, there are active on-shore faults 
in the Andes Cordillera that could produce earthquakes with 
M>7 (Macharé et al., 2009; Benavente et al., 2013). The 
analysis of Earthquake Archaeological Effects (EAE) affecting 
the archaeological remains could contribute to identify 
ancient earthquakes not recorded (Rodríguez-Pascua et al., 
2011), and hence increasing the recurrence period of large 
earthquakes. The combination of EAE analysis with 
geomorphology and paleosismology, allow identifying 
potential on-shore active faults that generated the 
earthquakes that affected Machupicchu in the past. These 

earthquakes can be used in the future as a model to prevent 
future seismic effects in the archaeological site. 
 
Applying EAE analysis in Archaeoseismology, it is possible to 
discriminate the seismic origin of deformation affecting the 
architecture of the site from other origin (war, disrepair, 
etc.). The EAEs observed in masonry walls are (1) dipping 
broken corners and (2) displacement of masonry blocks (see 
Rodríguez-Pascua et al., 2011). These effects are “oriented 
deformations” and mapping each effect, the ground seismic 
vibration orientation can be depicted (Rodríguez-Pascua et 
al., 2017). We selected the Temple of Sun and the sector of 
the Temples to apply the EAE analysis. The Temple of Sun is 
a semi-circular structure well-oriented for ground shaking 
and fossilizing the seismic ground motion (Fig.2). 
 

Figure 2: Temple of the Sun. Machupicchu (Cusco, Peru). 
 
DEFORMATION STRUCTURES IN THE INCA BUILDINGS 
 
Different authors described slope movements affecting to 
Machupicchu (e.g. Bouchard et al., 1992; Carlotto et al., 
2007; Kauffmann, 2014). Furthermore, creeping 
movement slope down is affecting the Inca buildings as 
well. One example is the Principal Temple, affected by 
creep (Carlotto et al., 2007) (Fig. 3). 
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Figure 3: Horizontal displaced masonry blocks associated to creep 
movement in the Principal Temple. 
 
The earthquakes can generate different deformation 
structures affecting archaeological sites. In consequence 
we have collected the data concerning the EAEs 
(Rodríguez-Pascua et al., 2011) and the geological 
structural analysis proposed by Giner et al. (2011). This 
classification was created for use in archaeological sites 
and historic buildings to distinguish seismic effects from 
other causes. The geological tool used for this purpose was 
the analysis of seismic strain structures. All of these 
deformational structures have been classified and studied 
according to the geological structural analysis of brittle 
deformation to estimate the orientation of the maximum 
horizontal movement of the ground. The initial hypothesis 
requires that most of the seismic damage must be oriented 
in relation to the seismic ground movement. Hence, we can 
compare oriented seismic deformation with others 
damages. Moreover, we have used the original Hiran 
Bimgham photography’s (1912) of Machupicchu in order 
to observe de EAEs and discriminate posterior effects that 
could produce the deformations (creep, restoration, 
tourist facilities, etc.).  
 
Firstly we analysed the displaced masonry blocks (Fig. 4) 
and the dipping broken corners (Fig. 5), structures 
generated by horizontal movement of the ground and we 
can discard other effects like creeping slope down.  
 

  
Figure 4: Displaced masonry block in the Temple of the Three 
Windows. The rose diagram show the medium ground movement 
of the structural analysis of total displaced masonry blocks data.  

Figure 5: Displaced masonry blocks (red arrows) and dipping 
broken corner (blue arrows) in the Temple of the Sun (external 
wall). The rose diagram shows the medium ground movement of 
the structural analysis of total dipping broken corners data. 
 
DISCUSSION AND CONCLUSIONS 
 
We took 142 measures of deformation structures in in both 
sectors. The results obtained for the medium direction of 
ground movement are two: N025°E and N110°E. The 
direction of maximum slope in these sectors is N060°E. The 
two directions of ground movement are different with the 
slope movement and it is possible that could be related 
with two earthquakes. We plotted the accumulated 
displacement in masonry blocks in a histogram. Two main 
direction of ground movement were obtained: N060°-
080°E and N100°-120°E (Fig. 6). The first one (N060°-080°E) 
is the maximum with an accumulated movement of 190 
cm, related to slope movements (Fig. 6).  
 

 
Figure 6: Histogram of the accumulated displacement in masonry 
blocks in the Temple of the Sun and in the Temples Sector (Principal 
Temple and Temple of the Three Windows). 
 
The secondary orientation is N100°-120°E, with an 
accumulated movement of 76 cm (Fig. 6) and parallel to 
the medium ground movement direction N110°E obtained 
by the EAEs analysis. The direction of N025°E has a little 
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displacement of masonry blocks (25 cm), but it is good 
represented by dipping broken corners. For this reason, 
our hypothesis is that the directions of ground movements 
N025°E and N110°E are not related to slope movements 
and the seismic hypothesis is the most confinable with the 
present data. The direction N060°-080°E, parallel to the 
slope, is conditioned by gravity processes with the 
maximum of accumulated displacements in the 
archaeological site. 
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represented by dipping broken corners. For this reason, 
our hypothesis is that the directions of ground movements 
N025°E and N110°E are not related to slope movements 
and the seismic hypothesis is the most confinable with the 
present data. The direction N060°-080°E, parallel to the 
slope, is conditioned by gravity processes with the 
maximum of accumulated displacements in the 
archaeological site. 
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Abstract: The western zone of the Iberian Peninsula is of moderate seismicity, but there is important paleoseismic evidence that 
indicate the occurrence of active faults with stronger seismic potential. Until now, this evidence has not been quantified or 
summarized in a manner that provides meaningful and useful data for better understanding seismic hazard risk. Here, 
Earthquake Archaeological Effects (EAEs) were applied to observations from Idanha-a-Vela in order to resolve this question. 
Results are showing the first archaeoseismic evidence that records almost two earthquakes: one during the end of the Roman 
period (4th century AD) and the second related to the AD 1755 Lisbon earthquake. The Roman earthquake is the oldest one 
identified in the historical period, and not documented before. The EAEs associated to this ancient earthquake (4th century AD) 
show a damage directivity (i.e. direction of ground movement) in a N157°-189°E orientation, compatible with the location of the 
active fault of Ponsul (10 km south). The EAEs affecting pre-18th century buildings display a larger dispersion in a N150°-240°E 
orientation, which can be reasonably related to far field effects of the AD 1755 Lisbon earthquake. 
 
Key words: Idanha-a-Vela, Earthquake Archaeological effects, induced effects, Roman period, Lisbon Earthquake. 
 
INTRODUCTION 
 
Idanha-a-Vela is an exceptionally preserved archaeological 
site located on the western side of the Iberian Peninsula 
(Portugal). The site is located in the Palaeozoic Iberian 
Massif, close to one of the most tectonically active 
structures of Portugal: The Ponsul Fault (Fig. 1) (Cabral, 
1995; 2012). 
 

Figure 1: Geological setting of the Idanha-a-Vela archaeological 
site and the Ponsul Fault. 
 
This site has a continuous archaeological record from the 
Roman period (1st century AD) until the 20th century. The 
Roman remains present evidence of a large-scale rebuilding of 
the city during the 3th century AD (Sanchez Ramos and Morin, 
2017). The later cultures common in the Iberian Peninsula 
(Visigoth, Islamic and Christian) are represented in Idanha-a-
Vela as well (Sanchez Ramos and Morin, 2017). The buildings 
of these different periods have deformational structures. We 

applied archaeoseismological techniques in order to study the 
orientation of the deformation structures and determine their 
compatibility with the propagation of the seismic waves 
coming from feasible near-field seismic sources in the zone or 
far-field ones (i.e. 1755 Lisbon Earthquake).  
 
METHODOLOGY 
 
We have analysed EAEs preserved in the archaeological site 
from a range of chronologically distinct cultural periods 
(Roman, Visigoth, Islamic and Christian). Earthquakes are 
capable of generating different deformation structures that 
affect archaeological structures, so there is some variation 
on how these features are interpreted (REF, REF). We have 
collected EAEs as defined and proposed by Rodríguez-
Pascua et al. (2011) and the geological structural analysis 
proposed by Giner et al., (2011). This specific classification 
was created for use in archaeological sites and historic 
buildings to discriminate seismic effects from other causes. 
The geological tool used for this purpose is the analysis of 
seismic strain structures conventionally used in structural 
geology. All of these deformational structures have been 
classified and studied according to the tenets of geological 
structural analysis to estimate the orientation of the 
maximum horizontal movement of the ground. The initial 
hypothesis requires that most of the seismic damage must 
be oriented in relation to the seismic ground movement, and 
this allows us to compare oriented seismic data with non-
oriented damage of aseismic origin.  This is critical in the 
effort to distinguish between causal mechanisms. 
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INTRODUCTION 
 
Idanha-a-Vela is an exceptionally preserved archaeological 
site located on the western side of the Iberian Peninsula 
(Portugal). The site is located in the Palaeozoic Iberian 
Massif, close to one of the most tectonically active 
structures of Portugal: The Ponsul Fault (Fig. 1) (Cabral, 
1995; 2012). 
 

Figure 1: Geological setting of the Idanha-a-Vela archaeological 
site and the Ponsul Fault. 
 
This site has a continuous archaeological record from the 
Roman period (1st century AD) until the 20th century. The 
Roman remains present evidence of a large-scale rebuilding of 
the city during the 3th century AD (Sanchez Ramos and Morin, 
2017). The later cultures common in the Iberian Peninsula 
(Visigoth, Islamic and Christian) are represented in Idanha-a-
Vela as well (Sanchez Ramos and Morin, 2017). The buildings 
of these different periods have deformational structures. We 

applied archaeoseismological techniques in order to study the 
orientation of the deformation structures and determine their 
compatibility with the propagation of the seismic waves 
coming from feasible near-field seismic sources in the zone or 
far-field ones (i.e. 1755 Lisbon Earthquake).  
 
METHODOLOGY 
 
We have analysed EAEs preserved in the archaeological site 
from a range of chronologically distinct cultural periods 
(Roman, Visigoth, Islamic and Christian). Earthquakes are 
capable of generating different deformation structures that 
affect archaeological structures, so there is some variation 
on how these features are interpreted (REF, REF). We have 
collected EAEs as defined and proposed by Rodríguez-
Pascua et al. (2011) and the geological structural analysis 
proposed by Giner et al., (2011). This specific classification 
was created for use in archaeological sites and historic 
buildings to discriminate seismic effects from other causes. 
The geological tool used for this purpose is the analysis of 
seismic strain structures conventionally used in structural 
geology. All of these deformational structures have been 
classified and studied according to the tenets of geological 
structural analysis to estimate the orientation of the 
maximum horizontal movement of the ground. The initial 
hypothesis requires that most of the seismic damage must 
be oriented in relation to the seismic ground movement, and 
this allows us to compare oriented seismic data with non-
oriented damage of aseismic origin.  This is critical in the 
effort to distinguish between causal mechanisms. 
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EARTHQUAKE ARCHAEOLOGICAL EFFECTS (EAEs) 
 
Two primary sets of deformations were identified; the 
earlier associated to Roman remains, and a more recent 
set of deformations in later pre-18th century buildings 
(Rodríguez-Pascua et al., 2017). These two groups of 
deformations allow us to estimate the dates of the possible 
causative events. 
 
Roman defensive wall 
This defensive wall is intensely deformed in the south 
sector of the structure. In this zone the original, external 
stone-cover of the wall is absent, and displaced masonry 
blocks are present (Fig. 2). This part of the wall was built 
over unconsolidated Quaternary sediments of the lower 
terrace level of the Ponsul River. 
 

Figure 2: Displaced masonry blocks in the south sector of the 
Roman defensive wall.  
 
The western sector of the defensive wall is affected by a 
visible horizontal folding (Fig. 3), in addition to displaced 
masonry blocks. The fold axes are oriented N0145°E with a 
mean wavelength of 15-20 m (Fig. 4). 
 

Figure 3: Folded Roman defensive wall in the west sector of the site. 
 
The elevation of the ground level on the internal side of the 
wall (within the city walls) is higher than outside (Fig. 5), as 
a consequence of anthropogenic infilling and levelling of 
the area with sands, debris and rubble. The deformation 
produced by the folding of the wall affected the artificial 

infilling, triggering collapses of columns in opposite sense 
in depending if the infilling was affected by push in or pull 
out the wall (see Fig. 5). The direction of these collapses is 
perpendicular to the direction of ground movement that 
generated the folds in the wall, for this reason could be 
confused with other events. For these deformational 
structures generated by the space accommodation of 
other deformations we propose the term “induced effects” 
(Fig. 5), which could not be confused with other effects. 
The “induced effects” are not generated directly by the 
seismic waves, they are generated like a secondary effect 
related to the development of the main deformations 
generated by the earthquake. For this reason, these 
“induced effects” could be oriented in different directions 
of the EAEs. 
 

Figure 4: Schematic sketch of the: A) folds and collapses of the 
Roman defensive wall and B) rose diagram of medium direction of 
ground movement. 
 

 
 
Figure 5: Interpretative sketch of the genesis of “induced effects” 
of EAES. Note the different ground-level at the external and 
internal side of the wall (also folded). 
 
The north sector of the defensive wall is generally well 
preserved, but it has several collapsed sections. There are 
several collapses in the basement (Fig. 6) separated from 
each other by 15-20m intervals (Fig. 4A).  We took 24 data 
points from the wall (fold axes and collapse directions 
sense), the result is that the medium direction of ground 
movement is N173°E (Fig. 4B). 
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Figure 6: Collapses in the North sector of the Roman defensive wall. 
 
Episcopal sector 
This zone is related to houses and a public building of the 
Roman period which was transformed into a church during 
the Visigoth Period (5th- 8th centuries). The houses display 
tilted walls (Fig. 7), oriented collapses (in the same 
direction), folded walls, dipping broken corners and 
“induced effects” (the last ones close to the deformed city 
wall, like tilted and collapsed walls). All of these EAEs, 
excluding the “induced effects”, were generated by a 
ground movement of a mean N-S orientation, compatible 
with the deformations observed in the Roman remains. 
 

Figure 7: Tilted walls in the Episcopal area close to the west Roman 
defensive wall. 

Figure 8: Displaced masonry blocks in the arches of the Medieval 
Bridge. 
 
Middle Age (12th-16th c.) Bridge. 
The bridge has a Roman foundation, but underwent 
significant modifications during the Middle Age and the 
16th century. The horizontal direction of the bridge is 
N080°E and is folded in a perpendicular direction. The 
accommodation of the deformation related to the folds is 
visible in the arch by displaced masonry blocks (Fig. 8). The 
medieval renovations indicate that the deformations are 
not associated to ancient earthquakes and the most 
probable origin for these features is the 1755 Lisbon 
earthquake. 
 
Main Church 
This building was built between the 17-18th centuries AD. 
The main façade of the church has an E-W orientation and 
it is possible to identify several EAEs: displaced masonry 
blocks, dropped keystones in arches and dipping broken 
corners (Fig. 9). This is the same case of the middle ages 
bridge (Fig. 8), in that the orientation of the medium 
direction of ground movement and date of the built make 
that the most probable event that affect the church is the 
1755 Lisbon earthquake. 
 

Figure 9: Principal façade of the Main Church. Close view of the 
dropped key stone in the door, displaced masonry blocks (blue 
arrows) and dipping broken corners (orange arrows). 
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DISCUSSION AND CONCLUSIONS 
 
The defensive Roman wall and the episcopal building record 
a robust set of Earthquake Archaeological Effects (EAEs), 
indicating a uni-directional damage with a mean N-S 
direction. The obtained damage orientation is congruent 
with seismic activity in the Ponsul Fault during the late 4th 
century AD (near field effects; Fig. 10A). This earthquake is 
not historically documented (there is no entry in 
conventional seismic catalogues such as REFERENCE) and 
constitutes the first ancient earthquake reported in 
Portugal. The most significant EAEs are associated to the 
defensive city-wall with folds and collapses. The horizontal 
folding affecting the defensive wall triggered associated 
deformations (collapsed and tilted structures), that we have 
labelled as “induced effects”. This is a new term in the 
classification of Earthquake Archaeological Effects (EAEs) 
and it has a key meaning. The identification of this new type 
of EAE may prevent mistakes in the interpretation on the 
seismic origin of the deformations. In more modern 
buildings (e.g., Main Church and a medieval bridge) the 
recorded EAEs display a dominant NE-SW orientation, 
related in this case to the far-field effects of the well-known 
AD 1755 Lisbon earthquake (far field effects; Fig. 10B). 
 

Figure 10: Mapping interpretation of the orientation of mean ground 
movement for: A) near field effects associate to the Ponsul Fault and 
B) far-field effects linked to the AD 1755 Lisbon earthquake. 
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Abstract: The ground response during the 8 October 2005 Kashmir earthquake (Mw 7.6) using geotechnical SPT (N) boreholes 
spread across the Kashmir basin (NW Himalaya) is presented here. The first step was to develop the shear wave velocity (Vs30) 
profile for each borehole, which were later interpolated to develop a Vs30 map of the basin. The results show that site classes C 
and D are dominant in the basin according to the NEHRP site classification. The synthetic ground motions from this earthquake 
were then transmitted through each borehole from the engineering bedrock to the surface. The results demonstrate that the 
local site conditions amplify the ground motions and result in the unequal distribution of the resultant ground motions at the 
surface. Hence, for seismic hazard assessment of the Kashmir basin the incorporation of the ground response is required, not 
only for instrumental earthquakes but also for historical and paleo-earthquakes. 
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INTRODUCTION 
 
The 8 October 2005 Kashmir earthquake (Mw 7.6) was one 
of the most destructive earthquakes of the recent past. It 
resulted in massive damage of life and property in Jammu 
and Kashmir on both sides of the line of control (LOC). About 
86,000 people were killed and 69,000 injured as a result of 
this earthquake. It mostly affected Pakistan-administered 
Kashmir but significant damage and destruction was caused 
in the Kashmir valley (Indian administered) as well, especially 
in the northwestern part. In the NW Kashmir basin 
Baramulla and Kupwara districts suffered severe damage, 80 
percent of the Uri town of Baramulla district was completely 

destroyed. At least 32,335 buildings collapsed in the Indian-
administered part of Kashmir (Sana and Nath, 2017). The 
seismotectonic setting of the Kashmir basin is shown in 
figure 1. Here, the ground response of the Kashmir basin 
during this large magnitude earthquake is presented by 
adopting a geotechnical approach. Ground response 
evaluates the contribution of local site conditions (geology) 
in enhancing the ground motions during an earthquake. 
Hence, ground response analysis is an important aspect of 
the seismic hazard assessment of a region the cities located 
in the sedimentary basins. In this study, the geotechnical 
dataset consists of Standard Penetration Test (SPT N) 
boreholes spread across the Kashmir valley. 

Figure 1: Seismotectonic map of the Kashmir basin and surroundings showing the main tectonic features: Main Mantle Thrust (MMT), Main 
Crystalline Thrust (MCT), Main Boundary Thrust (MBT), Kishtwar Fault (KF), Panjal Thrust (PT), Reasi Thrust (RT), Jhelum Fault (JF), Bagh-
Balakot Fault (B-BF), Hazara Thrust System (HTS), Balapur Fault (BF), Drangbal-Laridora Fault (DL), Hazara-Kashmir Syntaxis (HKS). The star 
represents the epicenter of 8 October 2005 Kashmir earthquake (Mw 7.6). 
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Shear wave velocity (Vs30) map of the Kashmir basin 
The first and foremost step in ground response analysis is 
the generation of shear wave velocity profiles, which in this 
case were generated by developing soil type specific 
relationships between SPT (N) value and the shear wave 
velocity (Vs30). The distribution of boreholes in the basin is 
shown in figure 2. Using these relationships shear wave 
velocity profiles for each borehole were generated and 
later interpolated in the GIS environment to develop the 
shear wave velocity map of the Kashmir basin. 
 

 
Figure 2: Lithology map of the Kashmir basin with SPT (N) borehole 
locations. 
 
The National Earthquake Hazards Reduction Program 
(NEHRP) site classification was used to classify the Kashmir 
valley alluvium based on shear wave velocity. The NEHRP 
scheme uses shear wave velocity for site classification to a 
depth of 30 m (Table 1) for designing earthquake resistant 
infrastructure (Kramer, 1997). The results show that site 
classes C and D of the NEHRP classification dominate the 
Kashmir basin alluvium. The resultant shear wave velocity 
map of the Kashmir basin classified according to the NEHRP 
site classification is shown in figure 3. 
 
Table 1: NEHRP site classification scheme (Kramer, 1997). 

 SITE CLASS Rock/Soil Type Vs30 (m/sec) 
A Hard Rock >1500 
B Rock 760-1500 
C Dense Soil/Soft Rock 360-760 
D Stiff Soil 180-360 
E Soft Soil <180 

 
Synthetic ground motions at the engineering bedrock level 
Due to the non-availability of the ground motion records of 
this earthquake, the synthetic ground motions were 
generated using stochastic finite fault modeling 
(Motezedin and Atkinson, 2005) at each borehole location 
at the bedrock level throughout the basin. The synthetic 
seismograms at the most affected NW towns of Baramulla 
and Kupwara of the Kashmir basin are shown in figure 4a. 

 
Figure 3: Shear wave velocity (Vs30) map of the Kashmir basin, 
classified according to the NEHRP site classification scheme. 
 
Ground motions at the surface 
These ground motions were later transmitted through the 
boreholes using the equivalent linear approach to evaluate 
the ground response. The results show that local site 
conditions play an important role in amplification and 
unequal distribution of ground motions travelling from the 
engineering bedrock to the surface. The synthetic 
seismograms of the 8 October 2005 Kashmir earthquake 
(Mw 7.6) at the surface in Baramulla and Kupwara in the 
Kashmir basin are shown in figure 4b. 
 
The map generated from interpolation of all the ground 
motions (PGA) at every borehole is shown in figure 5. 
 
DISCUSSION 
 
The synthetic seismograms at the NW districts of Baramulla 
and Kupwara in the Kashmir basin clearly show the 
amplification of the ground motion travelling from the 
engineering bedrock to the surface. The synthetic ground 
motion map also clearly shows the unequal distributions of 
the peak ground acceleration (PGA) at the surface. The PGA 
(g) is of the order of 0.77 g in the NW part of the Kashmir basin, 
the most affected part of the basin during the 8 October 2005 
Kashmir earthquake 2005 (Mw 7.6). Whereas, a PGA of ≥0.3 g 
is considered destructive to the engineering structures 
(Christenson, 1994). This encompasses the amount of damage 
that the NW part of the basin suffered. Thus, the results of this 
study are in agreement with the observed damage during the 
earthquake. Furthermore, the amplification and unequal 
distribution of synthetic ground motions clearly demonstrate 
the site effects. 
 
The results show that seismic hazard assessment of the 
Kashmir basin without consideration of site effects is 
incomplete. Furthermore, apart from the recent instrumental 
earthquakes, damage during historical earthquakes is also 
reported in the Kashmir basin (Ahmad et al. 2014). So, the site 
classification and site effect in the Kashmir basin presented in 
this study should be taken into consideration while assessing 
the deterministic hazard scenario due to historical- and paleo-
earthquakes. 
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Figure 5: Synthetic ground motion (PGA) map of the Kashmir 
basin at the ground surface.  
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Abstract: The April 2016 Kumamoto earthquake sequence ruptured the Hinagu and Futagawa faults on the Kyushu Island of 
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of slip in the seismogenic zone, and the mechanical 
properties of the fault volume. Near-fault displacements 
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between on-fault field measurements of offset and InSAR 
displacements that determine the far-field deformation but 
often lose coherence near the fault. We use near-field 
displacements to study the behavior of the shallow fault 
zone and the localization of fault slip. Multiple previous 
studies including Rockwell et al. [2002], Nissen et al. [2014] 
and Milliner et al. [2015] show significant distributed surface 
deformation within ~100 m of the fault. To quantify this 
near-surface depletion of shallow fault slip, we construct a 
distributed slip model from near-field differential lidar 
topography and far-field InSAR displacements. Our results 
show that differential topography and InSAR datasets place 

constraints on fault slip in the upper portion of the 
seismogenic zone and contribute to a deeper understanding 
of the mechanical properties of the fault. 
 
The well-documented near-fault surface displacements 
produced by the April 16 2016 M7 Kumamoto, Japan, 
earthquake offer unusual insight into the behavior of the 
shallow fault zone. We present 3D near-fault displacement 
fields constrained from the differencing of high-resolution 
topography acquired before and after the mainshock. We 
examine two approaches for quantifying depth-dependent 
variations in fault slip. First, we calculate differential 
displacements at increasing apertures across the fault. 
Second, we solve for fault geometry and distributed slip in a 
joint-inversion of the near-field lidar and far-field InSAR 
displacements. Both approaches suggest that fault slip is 
depleted in the upper 100 m of the crust relative to 500 m 
depth. A comparison of the modeled slip to published field 
 

 

 
Figure 1: (a) Kyushu island of southwestern Japan. Grey box: location of lidar datasets acquired before and after the mainshock. Blue lines: faults 
from the Active fault database of Japan [AIST, 2017]. (b) Shaded relief map produced from the lidar elevations. Colored lines indicate fault 
segments that ruptured in the M7 Kumamoto earthquake, and the color corresponds to the slip profile in Figure 3. 
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from differential topography bridge the observational gap 
between on-fault field measurements of offset and InSAR 
displacements that determine the far-field deformation but 
often lose coherence near the fault. We use near-field 
displacements to study the behavior of the shallow fault 
zone and the localization of fault slip. Multiple previous 
studies including Rockwell et al. [2002], Nissen et al. [2014] 
and Milliner et al. [2015] show significant distributed surface 
deformation within ~100 m of the fault. To quantify this 
near-surface depletion of shallow fault slip, we construct a 
distributed slip model from near-field differential lidar 
topography and far-field InSAR displacements. Our results 
show that differential topography and InSAR datasets place 

constraints on fault slip in the upper portion of the 
seismogenic zone and contribute to a deeper understanding 
of the mechanical properties of the fault. 
 
The well-documented near-fault surface displacements 
produced by the April 16 2016 M7 Kumamoto, Japan, 
earthquake offer unusual insight into the behavior of the 
shallow fault zone. We present 3D near-fault displacement 
fields constrained from the differencing of high-resolution 
topography acquired before and after the mainshock. We 
examine two approaches for quantifying depth-dependent 
variations in fault slip. First, we calculate differential 
displacements at increasing apertures across the fault. 
Second, we solve for fault geometry and distributed slip in a 
joint-inversion of the near-field lidar and far-field InSAR 
displacements. Both approaches suggest that fault slip is 
depleted in the upper 100 m of the crust relative to 500 m 
depth. A comparison of the modeled slip to published field 
 

 

 
Figure 1: (a) Kyushu island of southwestern Japan. Grey box: location of lidar datasets acquired before and after the mainshock. Blue lines: faults 
from the Active fault database of Japan [AIST, 2017]. (b) Shaded relief map produced from the lidar elevations. Colored lines indicate fault 
segments that ruptured in the M7 Kumamoto earthquake, and the color corresponds to the slip profile in Figure 3. 
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measurements suggests an additional depletion of slip from 
a 100 m depth to the surface. The high surface strains of 1 to 
4% in the ~100 m surrounding the fault suggest that the 
elastic strength of rocks is exceeded in the fault volume and 
that the depleted fault slip is accommodated by off-fault 
folding and fracturing at a finer scale than our analysis. 
 
METHODS 
 
Lidar data: Motivated by the Mw 6.2 foreshock on 14 April 
2016, the Asia Air Survey Company acquired the pre- 
mainshock lidar dataset on 15 April 2016 at the location 
shown in Figure 1. The post-mainshock dataset was 
acquired on 23 April 2016 with the same pilot, aircraft, and 
lidar instrument as the first dataset. The pre- and post- 
mainshock datasets have shot densities of 2.5 and 3.5 
points/m2, respectively.  
 
3D deformation: We use a windowed implementation of 
the piecewise Iterative Closest Point algorithm [ICP; Besl 
and McKay, 1992; Chen and Medioni, 1992] to determine 
the 3D surface deformation field produced by the M7 
Kumamoto earthquake shown in Figure 2. We calculate the 
deformation at a set of core points from the optimal 

rotation and displacement required to align 50 m
windowed subsets of the pre- and post- earthquake point 
cloud data. We implement the LIBICP software developed 
by Geiger et al. [2012]. The deformation of the pre-
earthquake point cloud dataset (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) that produces the 
deformed point cloud (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
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�, 

(1) 

where α, β and λ, are rotations about the x, y and z axes, 
and tx, ty and tz are translations in the x, y, and z directions. 
The solution is penalized for misalignments between 
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑 and the post-earthquake point-cloud dataset. 
 
We develop an approach for computing displacement 
uncertainty, and demonstrate that the performance of the 
ICP method depends on the local the topographic 
roughness. Errors range from 10 cm over higher relief and 
forested areas to 25 cm over flatter agricultural lands. 

 

 
Figure 2: Iterative Closest Point (ICP) results showing (a) the east-northeast and (b) the vertical displacement fields for the 2016 M7 Kumamoto 
earthquake. The A-A’ transect is shown in Figure 4.

 
Figure 3: Right-lateral ICP differential displacements. (a) Schematic illustration showing the geometry of the differential displacement calculation 
over an aperture of 70 m. The grey line is the fault trace. The light blue and pink arrows show the displacement calculated from the pre- and 
post- earthquake point cloud data in the blue and red boxes, respectively. (b) Differential displacement calculated at an aperture of 70 m as 
illustrated in (a). The colored lines correspond to individual fault segments shown in Figure 1b. The thick grey line is the summed slip on all fault 
segments within a moving window. (c) Differential displacements calculated at an aperture of 200 m. (d) Differential displacements calculated 
at an aperture of 2000 m. This larger aperture calculation represents the summed displacement from all faults. 
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Figure 4: Earthquake source inversion results along the A-A’ transect in Figure 2a. (a) ENE displacement showing ICP displacements (black), 
surface displacements produced by a fault model where slip is constant with depth (red) and varies with depth (blue). (b) Vertical displacement 
with the same colors as in (a). (c) Depth vs. fault slip: Strike-slip (pink) and dip-slip (red) profiles when slip is constant with depth.  Strike-slip 
(blue) and dip-slip (light blue) when slip varies with depth. Slip continues to decreases with depth for the depth-dependent slip model. 
 
Differential displacement: We calculate displacement 
discontinuities from ICP displacements at points that lie on 
opposite sides of the fault as a metric for fault slip as shown 
in Figure 3a. We align the ICP coordinate system with the 
fault trace shown in grey. We separate the center of the 
ICP boxes by the aperture of interest. For a 70 m aperture, 
the ICP boxes are placed 70 m apart 
 
leaving a 10 m buffer between the edge of the ICP box and 
the fault trace. We calculate the right-lateral displacement 
(dr) by projecting the difference in displacement across the 
fault along the fault strike: 

𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 = �(𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸1,𝑑𝑑𝑑𝑑𝑁𝑁𝑁𝑁1) − (𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸2,𝑑𝑑𝑑𝑑𝑁𝑁𝑁𝑁2)� ∙< 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 >  (2) 

where dE1 and dN1 are the east and north displacements, 
respectively, on the northern side of the fault, dE2 and dN2 
are the displacements on the southern side of the fault, 
and <fault strike> is a unit vector oriented parallel to the 
local fault strike.  
 
 
Joint lidar and InSAR earthquake source inversion: We 
conduct a joint inversion of our lidar displacements and the 
InSAR data from Jiang et al. [2017] to constrain along-strike 
and depth-dependent variations in fault slip (Figure 4). We 
solve for the fault geometry in 500 m segments to capture 
the sub-kilometer complexity in the fault rupture pattern. 
Fault slip does not vary with depth in our ‘depth-
independent slip model.’ In the ‘depth-dependent slip 
model,’ we solve for distributed slip in fault patches whose 
dimension increases with depth according to the decreased 
resolving power of the data [Lohman and Simons, 2005; 
Barnhart and Lohman, 2010]. For both slip models, we allow 
the rake to vary spatially and impose smoothing and 
minimum norm constraints on the fault slip. 
 
DISCUSSION 
 
The 16 April 2016 Kumamoto earthquake propagated from 
its epicenter near the town of Higashi (Figure 1) to the 
NNE- striking Hinagua fault [Yagi et al., 2016]. The 
earthquake then ruptured the NE-striking Futagawa fault, 

which hosted the dominant moment release. As shown in 
the ICP-derived displacement maps in Figure 2, the 
earthquake accommodated right-lateral and southeast-
side-up motion. The Hinagu fault accommodated a 
maximum right-lateral fault slip of 0.5 m and negligible 
vertical slip. East of Mashiki, the earthquake ruptured a 
northern and southern strand of the Futagawa fault with 
right-lateral slip on the individual strands varying from 0.5- 
1.5 m and decimeter-scale vertical slip. When the two 
strands joined to a single strand, slip exceeded 2 m. The 
fault bifurcated to the ENE, and the fault stands 
accommodated 2 m of both right-lateral motion and 
subsidence distributed over 3 km. 
 
We calculate differential displacement at apertures of 70 
m, 200 m, and 2000 m as a measure of fault slip at 
increasing depths (Figure 3). The differential displacement 
calculated at an aperture of 70 m reaches a maximum of 
2.25 m along the red segment of the Futagawa fault (Figure 
1b). The summed displacement curve shows an roughly 
elliptical slip envelope beginning at the Hinagua fault that 
continues to grow as slip is transferred to the Futagawa 
fault. At the 200 m aperture, the differential displacement 
is equal to or exceeds the 70 m aperture displacement. At 
the 2000 m aperture, the differential displacement is 
smoother than at the narrower apertures, suggesting a 
dampening of the slip heterogeneity present closer to the 
fault. In the zone of fault bifurcation to the ENE, the 
differential displacement is 3 m at the 200 m aperture and 
decreases to 2.25 m at the 2000 m aperture. This suggests 
a concentration of off-fault deformation at a distance of 
100 m to 1 km from the fault, likely indicating elevated 
fault slip at similar depths.  
 
We compare the lidar and InSAR-derived earthquake 
source inversion results for the depth-independent and 
depth-dependent slip models along the segment of the 
Futagawa fault in the A-A’ transect. The ENE lidar 
displacements show a 2.5 m displacement step along the 
fault (Figure 4a). The depth-independent slip model does 
not replicate the concavity of the displacement signal and 
overpredicts the fault offset by 1 m. The depth-dependent 
slip model replicates the concavity, yet underpredicts slip 
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Figure 4: Earthquake source inversion results along the A-A’ transect in Figure 2a. (a) ENE displacement showing ICP displacements (black), 
surface displacements produced by a fault model where slip is constant with depth (red) and varies with depth (blue). (b) Vertical displacement 
with the same colors as in (a). (c) Depth vs. fault slip: Strike-slip (pink) and dip-slip (red) profiles when slip is constant with depth.  Strike-slip 
(blue) and dip-slip (light blue) when slip varies with depth. Slip continues to decreases with depth for the depth-dependent slip model. 
 
Differential displacement: We calculate displacement 
discontinuities from ICP displacements at points that lie on 
opposite sides of the fault as a metric for fault slip as shown 
in Figure 3a. We align the ICP coordinate system with the 
fault trace shown in grey. We separate the center of the 
ICP boxes by the aperture of interest. For a 70 m aperture, 
the ICP boxes are placed 70 m apart 
 
leaving a 10 m buffer between the edge of the ICP box and 
the fault trace. We calculate the right-lateral displacement 
(dr) by projecting the difference in displacement across the 
fault along the fault strike: 

𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 = �(𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸1,𝑑𝑑𝑑𝑑𝑁𝑁𝑁𝑁1) − (𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸2,𝑑𝑑𝑑𝑑𝑁𝑁𝑁𝑁2)� ∙< 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 >  (2) 

where dE1 and dN1 are the east and north displacements, 
respectively, on the northern side of the fault, dE2 and dN2 
are the displacements on the southern side of the fault, 
and <fault strike> is a unit vector oriented parallel to the 
local fault strike.  
 
 
Joint lidar and InSAR earthquake source inversion: We 
conduct a joint inversion of our lidar displacements and the 
InSAR data from Jiang et al. [2017] to constrain along-strike 
and depth-dependent variations in fault slip (Figure 4). We 
solve for the fault geometry in 500 m segments to capture 
the sub-kilometer complexity in the fault rupture pattern. 
Fault slip does not vary with depth in our ‘depth-
independent slip model.’ In the ‘depth-dependent slip 
model,’ we solve for distributed slip in fault patches whose 
dimension increases with depth according to the decreased 
resolving power of the data [Lohman and Simons, 2005; 
Barnhart and Lohman, 2010]. For both slip models, we allow 
the rake to vary spatially and impose smoothing and 
minimum norm constraints on the fault slip. 
 
DISCUSSION 
 
The 16 April 2016 Kumamoto earthquake propagated from 
its epicenter near the town of Higashi (Figure 1) to the 
NNE- striking Hinagua fault [Yagi et al., 2016]. The 
earthquake then ruptured the NE-striking Futagawa fault, 

which hosted the dominant moment release. As shown in 
the ICP-derived displacement maps in Figure 2, the 
earthquake accommodated right-lateral and southeast-
side-up motion. The Hinagu fault accommodated a 
maximum right-lateral fault slip of 0.5 m and negligible 
vertical slip. East of Mashiki, the earthquake ruptured a 
northern and southern strand of the Futagawa fault with 
right-lateral slip on the individual strands varying from 0.5- 
1.5 m and decimeter-scale vertical slip. When the two 
strands joined to a single strand, slip exceeded 2 m. The 
fault bifurcated to the ENE, and the fault stands 
accommodated 2 m of both right-lateral motion and 
subsidence distributed over 3 km. 
 
We calculate differential displacement at apertures of 70 
m, 200 m, and 2000 m as a measure of fault slip at 
increasing depths (Figure 3). The differential displacement 
calculated at an aperture of 70 m reaches a maximum of 
2.25 m along the red segment of the Futagawa fault (Figure 
1b). The summed displacement curve shows an roughly 
elliptical slip envelope beginning at the Hinagua fault that 
continues to grow as slip is transferred to the Futagawa 
fault. At the 200 m aperture, the differential displacement 
is equal to or exceeds the 70 m aperture displacement. At 
the 2000 m aperture, the differential displacement is 
smoother than at the narrower apertures, suggesting a 
dampening of the slip heterogeneity present closer to the 
fault. In the zone of fault bifurcation to the ENE, the 
differential displacement is 3 m at the 200 m aperture and 
decreases to 2.25 m at the 2000 m aperture. This suggests 
a concentration of off-fault deformation at a distance of 
100 m to 1 km from the fault, likely indicating elevated 
fault slip at similar depths.  
 
We compare the lidar and InSAR-derived earthquake 
source inversion results for the depth-independent and 
depth-dependent slip models along the segment of the 
Futagawa fault in the A-A’ transect. The ENE lidar 
displacements show a 2.5 m displacement step along the 
fault (Figure 4a). The depth-independent slip model does 
not replicate the concavity of the displacement signal and 
overpredicts the fault offset by 1 m. The depth-dependent 
slip model replicates the concavity, yet underpredicts slip 
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by 0.5 m. The vertical displacement (Figure 4b) shows an 
on-fault offset of 1 m and additional distributed 
displacement over 1 km of the footwall. The  
depth-dependent slip model reproduces the concavity of 
the displacement signal yet underpredicts the surface slip. 
We conclude that the depth-dependent slip model 
replicates both the shape and the magnitude of the 
displacement signal better than the depth-independent 
model. The depth-dependent slip model suggests a 
maximum right-lateral slip of 3 m at 0.4 to 0.8 km depth 
(Figure 4c) that decays to 2.5 m at 0.1 to 0.4 km depth and 
to 2 m at the surface. The dip-slip reaches a maximum 
value of 1.5 m from depths of 0.4 to 1.5 km and decays 
rapidly near the surface.  
 
CONCLUSION 
 
We use the ICP algorithm to calculate the near-fault 3D 
coseismic displacements for the 2016 Kumamoto 
earthquake from pre- and post-earthquake lidar datasets. 
The displacement field illustrates the development of the 
rupture and the distribution of both on- and off-fault 
deformation. We combine near-field lidar and far-field 
InSAR displacements to solve for distributed fault slip 
throughout the seismogenic zone. These results show a 
depletion of fault slip in the upper 100 m of the crust. The 
high surface strains of 1 to 4% in the ~100 m that surround 
the fault suggest the depleted fault slip is accommodated 
as off-fault deformation.  
 
We use high-resolution topography to infer slip at the 
shallow depths that are commonly elusive to seismic and 
geodetic datasets. Our observation of depleted slip in the 
upper 100 m of the crust has implications for the frictional 
properties of the shallow crust and the interpretation of 
earthquake behavior from the paleoseismic and 
geomorphic records. As more earthquakes are observed 
with lidar data, the earthquake community will be able to 
better understand the physics of shallow faults and the 
hazards posed by crustal faults. 
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INTRODUCTION 
 
This investigation was motivated by the San Francisco 
Peninsula section of the San Andreas Fault significantly 
lagging behind other fault sections in terms of the 
existence of robust paleoseismic data. The 1906 M7.9 San 
Francisco Earthquake was the most recent event that 
ruptured this fault section, and until this study, it was 
nearly all that we knew aside from a high slip rate of about 
20 mm/y (Blisnuik pers. com., Hall et al, 1999). What was 
not known is whether 1906-like earthquakes are common 
or the exception. This sparse paleoseismic data set leads to 
broad uncertainties in hazard forecasts. Current rupture 
scenarios are less informed because we simply cannot 
confidently evaluate the San Andreas Fault earthquake 
behavior without additional records of past earthquakes. 

DISCUSSION 
 
The geomorphic channel offsets at the site (fig. 1) are 7 m, 
17 m and 67 m. The 7 m offset includes a smaller 3-4 m 
depression that appears to represent the most recent 
event, which would result in 4 m of lateral slip remaining 
for the penultimate event. Seven meters appears too large 
for the 1906 earthquake given Lawson’s (1908) 
observation of about 1-2 m 2.5 miles north of the site. The 
17 m offset results in an additional 10 m for the pre event 
2 offset, again this appears large for an individual event, so 
we speculate that the 10 m offset may have resulted from 
two or more events, based on the incision and event 
horizon depths. These channels are only incised about 
1.5 m on the alluvial fan that we trenched just 20 m to the 
north (fig. 1, 2), so a reasonable assumption is that these 

Figure 1: Oblique Lidar Hillshade Image of the San Andreas Fault and the Monte Bello Site. The site is located on an alluvial fan that 
has formed on a fault-generated sidehill bench. The trenches T1 and T2 cross the fault zone and the primary fault trace which is 
expressed as an uphill-facing scarp. Arrows indicate the general location of the fault, with detailed fault traces as white lines. Channel 
offsets are 7 m, 17 m and 67 m and their association with events are addressed in the text. Location: (MB; 37.3077˚N, 122.1545 ˚W). 
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channels have formed during the approximate same time 
span as the exposed stratigraphy. If this speculation is 
correct, it results in offsets of 3 m for 1906, 4 m for event 
2, and a combined 10 m for events 3 and 4. This scenario is 
consistent with the slip rate estimates for the fault of about 
20mm/year, which should average about 4 m of slip each 
200 years. These offsets are all comparable to the 1906 
displacements (Prentice and Schwartz, 1991). 
 
The fault is expressed in both the trenches (fig. 3, 4) and the 
geomorphology as a fault at the base of a low, uphill-facing 
continuous scarp, and a parallel secondary fault trace 
located a few meters to the northeast. This secondary fault 
zone is only fully exposed in T2. The geomorphic channel 
offsets indicate that most of the lateral displacement occurs 
along the main fault, however some units, such as the unit 4 
gravel, are not exposed on the west side of the secondary 
fault zone in T2 (fig. 4), suggesting lateral displacements of 
greater than 1.5 m, the trench width, have taken place. The 
faulting pattern, as shown on fig. 2, is a rough en echelon 
left-stepping fault trace, which in places is recognized in the 
surface geomorphology. 
 
The preliminary chronology at the Monte Bello site has 
significant individual event age uncertainties (fig. 5), 
however, the number of four events for the overall time 
span of 800 years is robust. Paleoseismic records in the Santa 
Cruz Mountains (Fumal, 2012, Streig et al., 2014, Schwartz et 
al., 2014, Schwartz et al.,1998) clearly show more frequent 

earthquakes, likely due to moderate size earthquakes 
nucleating near the seismically active creeping portion of the 
fault. Examples of these moderate size earthquakes include 
the historical 1838 and 1890 earthquakes (Streig et al., 2014, 
Schwartz et al., 2014). The event chronology at the Monte 
Bello site indicates the penultimate event occurred at 1700 
AD, and although one cannot completely rule out the 
historical 1838 earthquake, it appears unlikely. Another 
observation that supports the notion that each of the Monte 
Bello site events are large 1906-like events are the large 
offsets of geomorphic channels discussed previously. It is 
permissible that the event record correlates completely with 
the North Coast San Andreas Fault paleoseismic records 
(Zhang et al., 2006, Schwartz et al., 2014), including the 
offshore turbidite record (Goldfinger et al., 2007), suggesting 
these represent long 1906-like ruptures. At this point we 
cannot prove that each of the past four Monte Bello site 
events correlates directly with each of the past four North 
Coast San Andreas Fault events, however we certainly 
cannot say they do not correlate. 
 
It appears that the interpretation that requires the least 
amount of assumptions is that the Peninsula section of the 
San Andreas Fault has exclusively failed in 1906-type 
earthquakes during the past 800 years, in sync with the 
North Coast San Andreas Fault; whereas the Santa Cruz 
Mountains San Andreas Fault section experiences more 
frequent moderate size earthquakes in addition to large 
1906-like earthquakes. 

 
Figure 2: Structure from Motion DEM. This map shows the geomorphology and fault traces from the trench exposures. This DEM was created 
because the bare earth lidar under the tree cover was lower resolution. The contours are 0.2 m. 
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Figure 3: Trench 1 North Wall Exposure. The 1906 M7.9 San Francisco Earthquake was the most recent event that ruptured this fault section and 
in the exposures it extends into the surface soil. The top of unit 3 makes the penultimate event horizon (Ev-2). On the right fault trace unit 3 was 
downfaulted during Ev-2, and the post Ev-2 sediments deposited as an infill, units 2, 1.5, and 1, are only displaced by the 1906 event. 
 

 
Figure 4: Trench 2 South Wall Exposure. The primary fault trace is on the right side faulting units 3 and 6 against unit 20. A parallel secondary 
fault trace is shown on the left side. Event horizons are labelled above the units. 
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Figure 5: Chronological Age Model with Event Age Estimates. The event ages were modelled using the Oxcal program (Bronk Ramsey, 1994). 
The constraints that we used are the most recent event is assumed to be 1906, and the stratigraphic order of all samples, event ages were 
calculated between modelled sample ages. The age distributions are shown as: calibrated in light gray, modelled in dark gray and event age 
distributions in red. 
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Abstract: The Sencelles fault constitutes the main extensional structure of the Mallorca Island tentatively linked to the AD 1851 
Palma earthquake (VII EMS.) The SE termination of the fault is featured by a linear bedrock fault scarp of c. 1 km in length. This 
rocky scarp display a significant horizontal banding, with up to five bands differentially colonized by lichens. The lichenometric 
analysis is based on the measurement of 155 specimens of “Aspicilia calcarea” (Ar) and “Aspicilia radiosa”(Ac) in tombstones 
(with inscribed dates) of the cemeteries of, Sta. María del Camí,  Sta. Eugenia and Sencelles to obtain the lichen growth rates 
(LGR) for the zone. Lichenometric analyses indicate a strong sensitivity of LGR to location, orientation and position in vertical or 
horizontal stone surfaces. The obtained LGR for vertical lichen datasets indicate that the second fault ribbon (23-47 cm) can be 
related to the AD 1851 Earthquake, with exposure dates of AD 1853±18 (Ar) and AD 1855±59 (Ac).    
 
Key words: Sencelles fault, lichenometry, AD 1851 Palma Earthquake, Mallorca, Spain. 
 
 
INTRODUCTION 
 
The NE-SW Sencelles fault constitutes the main extensional 
structure of the Mallorca Island (East Spain; Fig. 1). It has been 
active from the last c. 19 Ma, with a maximum accumulated 
throw of 750 m constituting the southern border of the 
Cenozoic Inca basin (Benedicto et al., 1993). Geologic and 
geomorphologic evidence prove its activity from Late Pliocene 
to Pleistocene times with a mean throw of c. 100 m for the last 
c. 3.0 Ma (Silva et al., 2001). This fault (7 km length) is 
subdivided in two main segments: The Sencelles segment and 
the Sta. Eugenia segment (Fig. 1). The last segment displays a 
length of c. 2.8 km between Puig Son Seguí and Sta. Eugenia 
and was tentatively identified as the suspect seismic source of 
the AD 1851 (VII EMS) Palma Earthquake (Silva et al., 2001).  
 
The SW termination of the Sencelles Fault is featured by a NE-
SW bedrock fault scarp c. 2.8 km long and 3.15 m (maximum) 
high facing to the NNW (Fig. 1). The scarp is developed on Plio-
Pleistocene strongly cemented calcarenites (Benedicto et al., 
1993). In this zone scarp height diminishes from 3.15 m in the 
East to its eventual die-out near the cemetery of Sta. Eugenia. 
Fault trenching analyses in this zone identified an upper 
earthquake colluvial wedge comprised by blocks of adjacent 
stone fences built-up over the bedrock fault scarp, burying 
artificial fillings containing post AD 1950 car-oil cans of “Ertoil” 
(Silva et al., 2005). These artificial fillings of the middle 20th 
century post-date the AD 1851 earthquake along the fault 
scarp and any other chronological data was available before 
the preliminary lichenometric analysis reported by Silva et al. 
(2016). Data reported in this study intend to complement the 
previous lichen analyses and unravel the geochronology of the 
bedrock fault scarp and its potential relationships with the AD 
1851 earthquake affecting the zone. 
 

 

 
Figure 1. Major geological and seismotectonic features of western 
zone of Mallorca Island, showing the main neotectonic faults. 
PMF: Palma Fault; ENF: Cap Enderrocat Fault; SNF: Sencelles Fault; 
SAF: Sineu-Algaida Fault. After Silva et al. (2016) 
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LICHENOMETRIC ANALYSIS OF THE FALUT-SCARP 
 
The Sta. Eugenia fault scarp shows evidence of recent 
reactivation, featured by the development of differentially 
weathered ribbons (Fig. 2) along the eastern c. 840 m of this 
fault segment. In fact, these different weathered ribbons are 
characterized by the colonization of different lichen species 
and different lichen sizes, which clearly decreases from the 
top to the base of the scarp free-face. This fault plane 
banding can be assumed to be produced during recent 
recurrent displacements of the fault (Silva et al., 2001), 
which is a typical feature in similar fault-scarps on calcareous 
materials (Wallace, 1984; Stewart and Hancock, 1989). What 
is common in these cases is the generation of a coseismic 
thin reddish pedogenic veneer staining the lower ribbon of 
the activated fault plane. Recurrent fault displacements 
generate differentially weathered fault ribbons punctuated 
by different lichen colonies (in size and specie), recording the 
maximum slip of the intervening events. 
 
A detailed study of the fault scarp identifies five main 
ribbons differentially colonized by lichens (Fig.3). Two sites 
for lichenometric analyses were selected c. 400 m west to 
the fault-trench site performed by Silva et al. (2005). Fig. 3 
shows a synthetic cross-section illustrating the main features 
in site 2, where the free-face of the scarp is 2.45 m in height. 
The performed analysis considered the calcareous lichen 
species Aspicilia calcarea (L.) and Aspicilia (Lobolotalia) 
radiosa (Hoffm.), commonly used in lichenometric analyses 
in SE Spain (i.e. Pérez-López et al., 2012, 2015; Silva et al., 
2016). Specimens of the orange crusty lichen Xanthoria 
Calcicola (Hellb.) and large colonies of black crusty lichens 
(unidentified) are present in the upper oldest ribbons of the 
fault scarp as well (Figs. 2 and 3). The analysis involved the 
measurement of the “tallus” (maximum diameter) of 42 
individual specimens over the three lower ribbons (the 
youngest ones). In the two upper ribbons these species 
appear assembled in colonies of amoeboid geometry no 
suitable for lichenometric measurements (Fig. 2).  

 
Figure 2. Sencelles fault scarp near Sta. Eugenia displaying the 
different ribbons of lichens discussed in text.  
 
LICHEN GROWTH RATES (LGR) 
 
In order to obtain the annual growth rate of the lichen 
species, common procedures to take measurements of the 
“tallus” diameter on rocky surfaces of know age were 
developed. For this purpose we selected the cemeteries of 
Sta. Eugenia and Sencelles (both on the fault trace) as well 
as Sta. Maria del Camí (6 km ENE to the measured rocky 
scarp).  Measurements where made in both vertical and 
horizontal tombstone surfaces and funerary monuments 
with inscribed date (or year) of death. Preliminary 
approaches for A. Calcarea specimens reported for the 
zone (Silva et al., 2016) strongly suggested a large 
variability in the size of the tallus and the resulting lichen 
growth rates (LGR) for horizontal and vertical surfaces 
among the different analysed cemeteries. These data also 
indicated that the orientation of tombstones (N-S or E-W) 
also was sensitive to LGR. 
 

 
Figure 3. Schematic cross-section of the Sencelles bedrock fault scarp in Site 2. Measured Lichen species are plotted attending to their position 
in the fault plane. Lichen ribbons, mean angles of the fault plane bands, theoretical width of removed materials and mean computed ages 
for the three lower ribbons are displayed. 
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A total, 155 data on lichen size were collected for 
individual A. calcarea (110) and A. radiosa (40) specimens 
in the three studied cemeteries for a time period 
comprised from AD 1853 to 1992 (c. 140 years) in the 
range of the elapsed time since the last strong 
earthquake in the zone (AD 1851). After the preliminary 
data reported by Silva et al. (2016) for the Sta. Maria and 
Sta. Eugenia cemeteries, the new data collection in the 
Sencelles cemetery was focused on populations of A. 
radiosa in vertical surfaces with the same orientation of 
the fault scarp. The data set from Sta. Eugenia and 
Sencelles, located on the own fault trace, have been used 
to evaluate LGR in this work. These produce LGR of 0.15 -  
0.21 mm/year for vertical datasets, but of 0.25 – 0.40 
mm/year for horizontal datasets depending on the 
cementery location and orientation (Silva et al., 2016). 
Thes LGR for horizontal surfaces are similar than other 
obtained by these species in SE Spain (Pérez-López et al., 
2012), but vertical LGR to be applied to bedrock fault 
scarps are firstly reported here. Size measurements were 
made with digital calipers in order to increase precision 
and reduce bias. The obtained data sets were grouped by 
cemetery and by their horizontal and vertical location. 
The obtained lichen growth rates came from the 
calculation of the maximum and mean rates from each 
data set, as well as for the statistical analysis of best-fit 
regression lines (Fig. 4), following the standards of this 
type of analyses (i.e. Jomelli et al., 2007). 
 
DISCUSSION: CHRONOLOGY OF THE SCARP 
 
Using mean LGR for vertical datasets of A. Calcarea, Silva 
et al. (2016) obtained the following chronology for the 
different ribbons of the fault scarp: Ribbon 1 is dated in AD 
1953 ± 9 years; Ribbon 2 in AD 1855 ± 59 years and the 
upper third ribbon (3) in AD 1712 ± 24 years. Data from 
mean LGR of A. radiosa reported here offer similar 
predicted ages of AD 1958 ± 10 years for Ribbon 1; AD 1853 
± 18.2 years for Ribbon 2; AD 1744 ± 57 years for Ribbon 3 

(Figs. 3 and 4). The statistical analysis of selected lichen data 
sets for vertical surfaces in the cemeteries of Sta. Eugenia 
and Sencelles indicate that best-fit regression lines (R2 > 
0.85) corresponds to linear functions (Fig. 4). 2nd polynomial 
functions also produce well correlation coefficients, but will 
predict unrealistic lichen sizes for lichens ages beyond the 
18th century, not observed in the nature. The obtained 
numerical curves are similar to others produced for SE Spain 
(Pérez-López et al., 2012) and offer computed ages for the 
youngest ribbons 1 and 2 in the range than those resulting 
for the evaluation of mean LGR (Fig. 4).  
 
The first basal ribbon (15-13 cm wide) dated in the middle 
20th Century can be linked to man-made ground levelling 
works in the area as observed in the fault-trench excavated 
in the zone (Silva et al., 2005). The upper levels of this 
trench displayed old artificial excavations buried by 
anthropic fillings containing oil-car cans of “Ertoil”, a trade-
mark mark introduced in Spain in the 1950`s decade. The 
second ribbon (23 – 47 cm wide) throw mean ages (AD 
1853 – 1855), congruent with the AD 1851 Palma 
Earthquake and can be catalogued as a probable ground 
failure triggered by the earthquake. In this sense, Bouvy 
(1851) reported the occurrence of “generic” ground failure 
cases over the macroseismic area (around Sta. Eugenia; 
Fig. 1) during the main earthquake (VII EMS) and the 
stronger aftershock (VI EMS) causing the collapse of the St. 
Marçal Church at Sa Cabaneta (Silva et al., 2001).  
 
Since the maximum width of the ribbon is 47 cm over a 
length of c. 840 m, this cannot be considered surface-
faulting, but some kind of secondary or sympathetic rupture 
along the fault trace. This, in addition, could be subject of 
ground-levelling works after the earthquake, since the 
largest lichen specimens (51 to 45 mm in diameter) are 
found in the upper 10-15 cm of the ribbon. This can be 
considered the maximum displacement occurred during the 
earthquake. On the other hand, some of the oldest funerary 
monuments in the Sta. Eugenia cemetery show evidences of 

 
Figure 4. Plot of Lichen tallus (maximum diameters) and resulting growth rates (LGR) LGR regression lines (lineal functions) for vertical lichen 
datasets (A. radiosa) measured in the cemeteries of Sta. Eugenia and Sencelles. Also are represented vertical dataset for A. Calcicola 
(quadrangles) in the zone and horizontal data sets and horizontal dataset of A. radiosa for Sta. Eugenia (Silva et al., 2016) for comparision. 
Colored ellipses in the graphic represents the mean ages of the ribbons 1 (Rb1) and 2 (Rb2) obtained by the calculation of mean values using 
A. Calcicola (Ac) and A. radiosa (Ar). 
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A total, 155 data on lichen size were collected for 
individual A. calcarea (110) and A. radiosa (40) specimens 
in the three studied cemeteries for a time period 
comprised from AD 1853 to 1992 (c. 140 years) in the 
range of the elapsed time since the last strong 
earthquake in the zone (AD 1851). After the preliminary 
data reported by Silva et al. (2016) for the Sta. Maria and 
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radiosa in vertical surfaces with the same orientation of 
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Sencelles, located on the own fault trace, have been used 
to evaluate LGR in this work. These produce LGR of 0.15 -  
0.21 mm/year for vertical datasets, but of 0.25 – 0.40 
mm/year for horizontal datasets depending on the 
cementery location and orientation (Silva et al., 2016). 
Thes LGR for horizontal surfaces are similar than other 
obtained by these species in SE Spain (Pérez-López et al., 
2012), but vertical LGR to be applied to bedrock fault 
scarps are firstly reported here. Size measurements were 
made with digital calipers in order to increase precision 
and reduce bias. The obtained data sets were grouped by 
cemetery and by their horizontal and vertical location. 
The obtained lichen growth rates came from the 
calculation of the maximum and mean rates from each 
data set, as well as for the statistical analysis of best-fit 
regression lines (Fig. 4), following the standards of this 
type of analyses (i.e. Jomelli et al., 2007). 
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upper third ribbon (3) in AD 1712 ± 24 years. Data from 
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failure triggered by the earthquake. In this sense, Bouvy 
(1851) reported the occurrence of “generic” ground failure 
cases over the macroseismic area (around Sta. Eugenia; 
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earthquake damage, such as the small mausoleum of “Juan 
Castell y Los Suyos” AD 1853; Fig. 5), but very probably built 
soon before the AD 1851 Earthquake. Dropped keystone, 
penetrative fractures and broken dipping corners are visible 
at the door of the mausoleum. 
 
The third ribbon (58-55 cm wide) offers a mean age 
bracketed in AD 1712 and 1744 (Fig. 3). This third ribbon is 
the oldest historic ribbon of the fault scarp. As discussed 
by Silva et al. (2016), this ribbon can be tentatively related 
to previous events occurred in the island (VII – V EMS) 
between AD 1721 and 1764. However the rugged fault 
plane represented by this ribbon (Fig. 3), have to be 
interpreted as secondary ground failures or secondary 
surface faulting events probably related to some of these 
moderate 18th century events.  
 

 
Figure 5. Detail of lichens specimens (A. radiosa) and dropped 
keystone in the Mausoleum of “Juan Castel y los Suyos” dated in 
AD 1853 and Located at the Sta. Eugenia Cemetery.  
 
CONCLUSIONS 

The Sencelles bedrock fault scarp is differentially weathered, 
displaying five different ribbons diversely colonized by 
lichens. The fault scarp is vertically segmented displaying a 
basal fresh historical fault-plane (three first ribbons) and an 
upper deeply weathered and karstified one, probably 
related to older Holocene events (Fig. 3).  
 
Lichen measurements and analyses in the nearby 
cemeteries of Sta. Maria, Sta. Eugenia and Sencelles 
covered a time span between AD 1853 and AD 2005 
within the range of the last historical event in the zone 
(AD 1851; VII EMS). The large amount of measurements 
developed in the three cemeteries (155 data) on vertical 
and horizontal surfaces, indicate a strong sensitivity of 
LGR depending on the Lichen specie cemetery, 
tombstone orientation and greatly their position (vertical 
or horizontal). Eventually the most suitable data sets 
were those corresponding to vertical data sets of A. 
radiosa in the two cemeteries located onto the analyzed 
fault plane (Fig. 4). The strong sensitivity of (LGR) to 
particular environmental conditions strongly points to a 

necessary revision of regional or general LGR applied to 
the analyses of rockfalls or seismically induced rockfalls 
(i.e. Bull, 2003; Pérez-López et al., 2012). 
 
Lichenometric analyses developed on the basal fresh fault-
plane suggest and historical age, younger than c. AD 1700. 
Within this historical scarp, the second lichen ribbon (23-47 
cm wide) can be reasonably linked to the AD 1851 Palma 
earthquake. This vertical displacement of the fault plane can 
be interpreted as a secondary earthquake effect (secondary 
or sympathetic rupture) according to the established size of 
the earthquake (VII EMS). However fault trenching studies in 
this zone (Silva et al., 2005) display apparent colluvial 
wedges in the rocky fault plane indicating that the fault 
produced surface faulting events during the Pleistocene. At 
present the seismic source of the AD 1851 earthquake 
remains unclear, but activity of the Palma de Mallorca or Cap 
de Enderrocat normal faults (PMF and ENF in Fig. 1) 
bounding the Palma Bay can be considered the more 
probable ones. 
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Abstract: This work presents a macroseismic analysis of the AD 1755 Lisbon Earthquake-Tsunami event by means of the 
combination of intensity data derived from the EMS-98 scale and the ESI-07 scale (Environmental damage). About 600 records 
of earthquake environmental effects for the whole Spain have been used to define intensities. The analyses indicate maximum 
intensities of X EMS-ESI along the Atlantic margin and important amplification (VIII – VII) along the Guadalquivir basin. From the 
Intensity distribution the historic seismic scenarios are explored by means of the development of empirical ShakeMaps. These 
take into account the three classical seismic sources considered for this earthquake, but the resulting scenario is only possible 
considering the three seismic sources together. This will imply an NNE-SSW offshore rupture length of 350 km and a rupture area 
of c. 250,000 km2 resulting in an event magnitude 8.6 - 8.9 Mw. The results demonstrate the efficacy of this approach for better 
identifying and modelling seismic sources. 
 
Key words: Lisbon earthquake-tsunami, Macroseismicity, Intensity distribution, Shakemaps, Seismic source. 
 
 
INTRODUCTION 
 
The AD 1755 Lisbon earthquake was the strongest seismic 
event ever reported in Europe, and was extremely 
destructive throughout Portugal, Spain and Morocco 
(Martínez Solares 2001). Effects of the seismic shaking was 
even felt in Northern Germany, the Azores and the Cape 
Verde Islands. The large size of the earthquake is further 
attested by the observation of seiches in southern England, 
the Netherlands and as far as Finland (Reid 1914). The 
tsunami-waves generated by the earthquake triggered 
extensive damage along the Atlantic littoral of Portugal, SW 
Spain and Morocco, and were even detected in the SW 
England, Mexico and the Antilles (Baptista et al., 2003). In 
spite of extensive geological evidence of tsunami records has 
been widely published since the 1990 decade (e.g. Andrade 
1992; Costa et al., 2016). However, analyses of onshore 
secondary geological effects has been more scarce 
(Martínez Solares, 2001). It is widely agreed upon that the 
maximum intensities along the SW Iberian Peninsula 
reached the intensity X during the 1755 Lisbon Earthquake 
event (e.g. Grandini et al., 2007; Santos & Koshimura, 2015). 
In the same way most of the authors agree that earthquake 
magnitude was of c. 8.5 -9.0 Mw and the epicentre occurred 
few hundred kilometres offshore SW Portugal (Fig. 1). 
 
This work is focused on the analysis of probable seismic 
sources for the AD1755 Lisbon earthquake based on the 
development of seismic scenarios (ShakeMaps) simulating 
the intensity distributions and corresponding ground peak 
accelerations (PGA) resulting from an ESI-07 and EMS-98 
hybrid analyses using the methodology proposed by Silva 
et al. (2017). 

 

Figure 1: Isoseismal map of the AD 1755 Lisbon earthquake (Modified 
Mercalli Intensity) and seismic sources considered for this historical 
event: (G) Gorringe Bank; (M) Marques de Pombal – Pereira de Sousa 
Faul; and (C) Eastwards subduction of the Atlantic delaminated 
lithosphere beneath the Gulf of Cádiz. From Grandini et al. (2007). 
 
AD 1755 LISBON EARTHQUAKE SEISMIC SOURCES 
 
The Gorringe Bank (G), Marques de Pombal Fault and the 
subduction beneath the Gulf of Cadiz (C) have been 
considered as the more probable seismic sources for the AD 
1755 Lisbon event (Fig. 1; e.g. Zitellini et al., 2001; Baptista et 
al., 2003; Grandini et al., 2007). This event is considered to be 
generated around the Gorringe Bank (Atlantic Ocean) by the 
rupture of a reverse fault segment of about 180 – 200 km 
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length (Marqués de Pombal Fault), with an estimated 
minimum slip of 10 m, considering the event as a subduction 
zone-like earthquake (Zitellini et al., 2001). 
 
From the first studies it was clear that any of the 
abovementioned sources alone had a sufficient potential and 
dimensions (fault rupture length; area) to generate an 
earthquake ≥ 8.5 Mw. Baptista et al. (2003) suggest that a 
composite source considering the G and M individual sources 
will be suitable to explain the overall L-shaped intensity 
distribution displayed onshore (Fig. 1). Similar conclusions are 
indicated by Grandini et al. (2007), which suggest the Gorringe 
Bank (G) as the most probable seismic source for the studied 

event. Most of these studies concluded that a source 
compatible with an incipient subduction along the western 
Portuguese margin provides a better fit between onshore 
intensity and tsunami damage than a source located at 
Gorringe Banks. More recent studies suggest that the 
subduction of the Atlantic lithosphere beneath the Gulf of 
Cadiz and the Gibraltar Arc (C) provides a sufficiently large 
seismic source capable to explain the size of the AD 1755 
Earthquake-Tsunami event (Gutscher et al., 2006; Duarte et 
al., 2013). These last authors take into account the effects on 
the Gulf of Cádiz area and the complex tectonics of the zone, 
normally biased by the Portuguese authors focused on the 
effects recorded at Portugal.

 

 
Figure 2: Seismic sources in the SW Atlantic region of the Iberian Peninsula (G, M, C and the combined one proposed in this study: J-P3, 
colored in red) and resulting hypothetical seismic scenarios (ShakeMaps with PGA values) from the occurrence of earthquake magnitudes 
8.5 Mw (B, D & E) in each of the individual case. Only the seismic source C has the sufficient dimensions to generate a 9.0 Mw earthquake 
illustrated in graph C. Note that in any of the individual cases PGA max values recorded onshore are always down to 0.60 g and not explain 
intensities X and IX reached in the coast (Fig. 1). Colored dots represent intensity levels reached in each locality by EMS and ESI data (See 
legend at top). The ShakeMaps have been produced with the methodology of Silva et al (in press) modified from the applied in the USGS 
ShakeMap Program: On-line Sahke Map Manual http://usgs.github.io/shakemap/manual_index.html 



PROGRAMME                          8TH INTERNATIONAL PATA DAYS 2017364

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

SEISMIC SCENARIOS PRODUCED BY DIFFERENT SEISMIC 
SOURCES FOR THE AD 1755 EVENT 
 
In spite of the different proposals the seismic source of the 
AD 1755 Event remains unclear. By means the application 
of Magnitude – Seismic source dimensions empirical 
relationships produced for subduction frameworks (i.e. 
Strasser et al., 2010), each individual seismic source is 
unable to explain the recorded intensities onshore (Fig. 2). 
These empirical relationships will imply rupture areas in 
the order of 500,000 km2 and fault rupture lengths around 
900 km to produce an ≥ 8.5 Mw earthquake. These values 
are typical to those linked to large earthquake-tsunami 
events of 9.0 Mw (i.e. Japan 2011), but all the checked 
sources for the AD 1755 event (i.e. Grandini et al., 2007) 
have smaller dimensions (< 40,000 km2). Figure 2 illustrates 
the resulting seismic scenarios (ShakeMaps) produced for 
the different seismic sources of the area. Shakemaps have 
been produced by the methodology proposed by Silva et 
al. (2017) for historical earthquakes based on the 
combination of EMS-98 and ESI-07 to the procedures and 
ground motion prediction equations used in the USGS 
ShakeMap Program (Wald et al., 2005). In all of the cases 
tested an 8.5 Mw earthquake is sufficient to simulate the 
intensities reached onshore (i.e. Fig. 1). The computed PGA 
values in the coastal sites are down to 0.40 g for source C, 
implying maximum intensities of VIII (Fig 2B). Sources G 
(0.14 g) and M (0.35 g) can only generate intensities VII or 
even VI at coastal sites (Fig. 2D and 2E). Only source C has 
the minimum dimensions to generate a 9.0 Mw, and the 
checked seismic scenario (Fig. 2B) would imply the record 
of PGA max values around 55g (upper range of intensity 
VIII) in southern Spain. Even in this case, PGA values 
recorded around Lisbon (0.19 g) will not be beyond 
intensity V (Fig. 2C), which does not fit with known values. 
 
Taking into account the obtained results for the different 
seismic sources (Fig. 2), it seems clear that an 8.5 – 9.0 Mw 
event in the zone will need a seismic source of larger 
dimensions. Recent tectonic proposals for the SW Iberian 
Margin indicate the probability of the occurrence of an 
extensive composite seismic source in (G+M+C) linked to 
the initial eastwards subduction of the Atlantic lithosphere 
(Duarte et al., 2013). These authors assume that the 
Gibraltar Arch is a similar case to those recorded in the 
Lesser Antilles and Scotia subduction arches in the 
opposite margin of the Atlantic Ocean, otherwise 
dominantly a passive continental margin. From these 
tectonic proposals and regional structural data of the SW 
Iberian margin a new composite seismic source has been 
modelled and calculations tested (Fig. 2A). Following 
Duarte et al (2013) the new extended seismic source will 
include thrusting along the NE-SW linear structures of the 
Gorringe Bank (G) and Marques de Pombal Fault (M) and 
low angle incipient subduction of the Atlantic lithosphere 
beneath the frontal accretionary wedge of the Gibraltar 
Arc (C) in the Gulf of Cádiz (Fig. 3). 
 
To check the geodynamic model related to the proposed 
seismic source the “ey trajectories” (maximum horizontal 
deformation) and the related “k coefficients” have been 

calculated for the zone. The s trajectories of compressive 
stress (ey) come from the analyses of the existing focal 
solutions in the zone between the years 2000 and 2015 
(Fig. 3). They grey dots in the background of figure 3 
represent the instrumental seismicity recorded in the zone 
during the mentioned period. The resulting trajectories are 
compatible with the proposed subduction, and the K factor 
shows as active compression (reverse and oblique faulting 
sources), are clearly related to the initiation (G and M 
sources), and the end (C) of the new proposed seismic 
source beneath the Gibraltar Arc. 
 

 
Figure 3: Active structures in the Atlantic margin of the SW Iberian 
Peninsula and Gulf of Cádiz, location of the three classical seismic 
sources considered in the zone (G, M and C) and the composite 
GMC one proposed in this study (doted yellow line). The proposed 
source is compatible with the ey trends deduced from the analysis 
of focal solutions in the zone for this study. Structural data 
compiled from Duarte et al. (2013), Cabral (2012). 
 
The proposed seismic source has a potential rupture area 
of c. 250,000 km2 and a potential fault rupture length of c. 
350 – 380 km along the NE-SW faults bounding the 
Gorringe Bank and northern structures (Fig. 3). However 
the complete length of the proposed source adjacent to 
the SW Iberian littoral reaches about 730-750 km. 
Considering these source parameters, empirical 
relationships (i.e. Strasser et al., 2010) indicate that the 
proposed source will trigger an earthquake of maximum 
magnitude between 8.6 – 8.9 Mw. These values agree with 
the widely accepted magnitudes proposed for the AD 1755 
event. To check the theoretical intensities and PGA values 
related to this earthquake magnitude in the extended 
seismic source, a new seismic scenario (Fig. 4) was 
calculated following the same procedures than for the 
previous ones (Fig. 2). The results match reasonably with 
the recorded intensities all along the SW quadrant of the 
Iberian Peninsula illustrated in the classical isoseismal 
maps (Fig. 1). Maximum intensities (X) occur in the Algarve 
littoral with computed PGA values between 1.15g and 
0.85g from the St. Vicente Cape to Faro. In the Spanish 
littoral of the Gulf of Cadiz PGA values diminish from west 
(Ayamonte; 0,65g) to east (Doñana marshlands; 0.45 g) 
supporting intensities between IX and VIII along the coast. 
Towards the Gibraltar Arc, the city of Cadiz (0.34g) is within 
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extensive composite seismic source in (G+M+C) linked to 
the initial eastwards subduction of the Atlantic lithosphere 
(Duarte et al., 2013). These authors assume that the 
Gibraltar Arch is a similar case to those recorded in the 
Lesser Antilles and Scotia subduction arches in the 
opposite margin of the Atlantic Ocean, otherwise 
dominantly a passive continental margin. From these 
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Iberian margin a new composite seismic source has been 
modelled and calculations tested (Fig. 2A). Following 
Duarte et al (2013) the new extended seismic source will 
include thrusting along the NE-SW linear structures of the 
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low angle incipient subduction of the Atlantic lithosphere 
beneath the frontal accretionary wedge of the Gibraltar 
Arc (C) in the Gulf of Cádiz (Fig. 3). 
 
To check the geodynamic model related to the proposed 
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deformation) and the related “k coefficients” have been 
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stress (ey) come from the analyses of the existing focal 
solutions in the zone between the years 2000 and 2015 
(Fig. 3). They grey dots in the background of figure 3 
represent the instrumental seismicity recorded in the zone 
during the mentioned period. The resulting trajectories are 
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shows as active compression (reverse and oblique faulting 
sources), are clearly related to the initiation (G and M 
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Figure 3: Active structures in the Atlantic margin of the SW Iberian 
Peninsula and Gulf of Cádiz, location of the three classical seismic 
sources considered in the zone (G, M and C) and the composite 
GMC one proposed in this study (doted yellow line). The proposed 
source is compatible with the ey trends deduced from the analysis 
of focal solutions in the zone for this study. Structural data 
compiled from Duarte et al. (2013), Cabral (2012). 
 
The proposed seismic source has a potential rupture area 
of c. 250,000 km2 and a potential fault rupture length of c. 
350 – 380 km along the NE-SW faults bounding the 
Gorringe Bank and northern structures (Fig. 3). However 
the complete length of the proposed source adjacent to 
the SW Iberian littoral reaches about 730-750 km. 
Considering these source parameters, empirical 
relationships (i.e. Strasser et al., 2010) indicate that the 
proposed source will trigger an earthquake of maximum 
magnitude between 8.6 – 8.9 Mw. These values agree with 
the widely accepted magnitudes proposed for the AD 1755 
event. To check the theoretical intensities and PGA values 
related to this earthquake magnitude in the extended 
seismic source, a new seismic scenario (Fig. 4) was 
calculated following the same procedures than for the 
previous ones (Fig. 2). The results match reasonably with 
the recorded intensities all along the SW quadrant of the 
Iberian Peninsula illustrated in the classical isoseismal 
maps (Fig. 1). Maximum intensities (X) occur in the Algarve 
littoral with computed PGA values between 1.15g and 
0.85g from the St. Vicente Cape to Faro. In the Spanish 
littoral of the Gulf of Cadiz PGA values diminish from west 
(Ayamonte; 0,65g) to east (Doñana marshlands; 0.45 g) 
supporting intensities between IX and VIII along the coast. 
Towards the Gibraltar Arc, the city of Cadiz (0.34g) is within 
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the limits of intensity VII-VIII. To the north along the 
Portuguese coast the PGA values indicate intensity values 
between X and IX. Lisbon reaches a computed PGA of 0.76g 
supporting a minimum intensity of IX as in the classical 
intensity models (Fig. 1). The computed model also 
describes well the amplification to intensity VIII –VII 
recorded within the whole Guadalquivir Depression (Fig. 4; 
Sevilla 0.33g; Córdoba 0.21g) and intensities that occurred 
in the whole Iberian Peninsula (Fig. 4). 
 

 
Figure 4: ShakeMap for the AD 1755 Lisbon earthquake produced 
by the composite seismic source GMC proposed in this study 
 
CONCLUSIONS 
This study illustrates that the classically accepted seismic 
sources for the AD 1755 Lisbon event (Fig. 1: G, M, C) can 
not explain the intensity distribution caused by this event. 
Previous works (Baptista et al., 2003; Grandini et al., 2007) 
are strongly focused in the Portuguese macroseismic data, 
and their proposed seismic sources (G, M or G+M) are 
insufficient to explain intensity levels reached in the 
Guadalquivir basin and even in the Gibraltar Arc. Solutions 
based on the subduction beneath the Gulf of Cádiz (C) 
provide very good intensity constraints for the southern 
Spanish littoral and the Guadalquivir basin but are still 
insufficient to explain the intensity levels reached around 
the Lisbon area to the north. All the scenarios have been 
checked by means of the calculation of corresponding 
ShakeMaps (Fig. 2). Following the tectonic models of 
Duarte et al (2013), we propose a composite seismic 
source including all the three traditionally considered 
sources (Fig. 3: GMC) in a process of incipient eastwards 

subduction of the Atlantic lithosphere beneath de Gibraltar 
Arc. The seismic scenario proposed (Fig. 4) fulfils the 
intensity distribution across the whole Iberian Peninsula. 
This scenario also supports the classical L-shaped geometry 
of stronger intensity levels (IX – X) between Lisbon and the 
Doñana Marshlands combining EMS-98 and ESI-07 data. 
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Abstract: In many exposed faults we fail to determine the slip direction and sense due to the absence of clear macroscopic 
kinematic indicators. To improve this situation we have been working out a technique employing the X-ray imaging of narrow 
faults by micro-computed tomography to reveal their cryptic strain fabric. It is expected that a detailed knowledge of 3-D particle 
orientation will allow resolving the shear kinematics. Here, we give a methodical concept and preliminary results of a pilot study 
to validate this assumption. The approach tested is potentially suitable for coarser clastic sediments or clasts-in-matrix 
lithologies representing common examples of faulted rocks in which slickensides typically do not develop. 
 
Key words: fault slip kinematics, strain fabric, X-ray computed tomography 
 
 
INTRODUCTION 
 
In near-surface conditions the shear deformation of non-
consolidated rock is taking place largely by passive rotation 
of grains. The oblique fabric developed as a result of non-
coaxial shearing is often used as an indicator of shear 
direction and sense. While in clay-rich sediments and fault 
gouges the magnetic susceptibility tensor may be used as 
a sensitive proxy of cryptic strain fabric, in coarser 
materials the visually evaluated orientation of anizometric 
clasts is used (e.g. Cladouhos 1999, Hayman et al. 2004). 
With slickensides typically missing in the latter, our poor 
knowledge of the clast fabric may result in failure to 
resolve the fault kinematics. 
 
The orientation of clasts is usually studied in 2D sections and 
even though detailed analyses are possible using optical or 
electron microscopy, the direct selection of representative 
section for such study is precluded by the apriori unknown 
shear geometry. Therefore, 3D analysis of bulk samples is 
desirable. Here, we introduce a pilot study focused on 
revealing the 3D orientation of clasts in bulk samples of faulted 
soft sediments by micro-computed tomography (µCT). 
 
STARTING IDEAS FOR PILOT STUDY 
 
Assuming that the fault and the associated shear zone 
developed in the same kinematic regime, the mean 
orientation of long axes of the freely rotating elongated solid 
particles within the sheared volume should indicate the fault 
slip direction, while its sense may be deduced from the 
imbrication of flat particles or the S-C fabrics, if present. The 
idealized concept is schematically illustrated in Fig. 1. 
 
The shape-preferred orientation of particles should be 
resolvable provided that we are able to produce 3D image 
in which individual particles can be differentiated and to 
measure the orientation of sufficient number of particles 

to perform quantitative statistical analysis. Theoretically, 
such image may be acquired by µCT, however, in large rock 
samples serious limits may be posed by insufficient 
contrast and resolution. 
 

 
Figure 1: Idealized scheme of geometric relations between fault 
slip and orientation of particles used for kinematic reconstruction. 
 
The X-ray attenuation is proportional to the mean atomic 
number of the material (i.e. density as a good proxy). 
Despite similar densities of minerals constituting the rocks, 
high porosity in samples is expected to ensure the desired 
intensity contrast between the image representation of 
particles and hosting matrix or intergranular voids. 
 
A typical ratio of ~1:1000 between the horizontal sample 
dimension and the µCT image resolution suggests that 
millimetre-sized or even smaller grains should be well 
represented in the image of decimetre-sized sample. 
However, larger samples will have larger effective 
attenuation which may become a limiting factor. 
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section for such study is precluded by the apriori unknown 
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particles within the sheared volume should indicate the fault 
slip direction, while its sense may be deduced from the 
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Figure 1: Idealized scheme of geometric relations between fault 
slip and orientation of particles used for kinematic reconstruction. 
 
The X-ray attenuation is proportional to the mean atomic 
number of the material (i.e. density as a good proxy). 
Despite similar densities of minerals constituting the rocks, 
high porosity in samples is expected to ensure the desired 
intensity contrast between the image representation of 
particles and hosting matrix or intergranular voids. 
 
A typical ratio of ~1:1000 between the horizontal sample 
dimension and the µCT image resolution suggests that 
millimetre-sized or even smaller grains should be well 
represented in the image of decimetre-sized sample. 
However, larger samples will have larger effective 
attenuation which may become a limiting factor. 
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To verify the applicability of the above given concept to 
real faulted sediments and to find the optimal 
instrumentation and methods of 3D image analysis, we 
started a pilot study whose outlines and preliminary results 
are given below. 
 
SAMPLES AND CT SCANNING 
 
Three types of faulted soft sediments from southeast Czech 
Republic have been chosen, each represented by two 
samples to be tested for the effects on µCT image quality of 
the sample lithology, size and instrumentation used: 
 
1) Fine quartz sand with layers of fine gravel; the mm-

sized quartz pebbles are incorporated in a ~5-9 mm 
thick shear zone (samples A1, diameter×height of 
100×85 mm, and A2, 120×120×90 mm); sense of shear 
not resolved; 

2) Silt with debris of shale from a colluvium/loess 
sequence hosting broad shear zone (sample B1, 
150×120×170 mm, and B2, 50×100 mm); sense of 
shear in B1 resolved as normal dip-slip; 

3) Fine sandy gravels with polymict, mostly flat mm-sized 
pebbles hosting narrow shear zone (samples C1, 
220×230×220 mm, and C2, 95×75 mm); sense of shear 
not resolved. 

 
In all samples bedding is within 30° from horizontal and 
faults are steep, with dips ranging 70-90°. 
 
After strengthening by diluted glue where necessary, the 
oriented sediment samples were cut out of the profiles, 
shaped to approximate near-cylinder shape where 
possible, and stabilized onto its own gypsum base or into a 
vertically oriented plastic cylinder to minimize the 
horizontal diameter. A metal orientation mark with known 
in-situ dip and azimuth was stuck to each sample to be 
easily located in the final image. 
 
Three different instruments have been used for µCT 
scanning – DeskTom 130 (RX Solutions) at SolidVision 
(testing on samples A2 and B2), GE Phoenix v|tome|x L240 
(GE Sensing & Inspection Technologies) at CEITEC Brno 
(samples A1, B1, C2) and XT H 450 (Nikon Metrology NV) at 
ICT Ostrava (large sample C1; currently in progress). 
 
The horizontal sample diameter in the range of 8-30 cm 
resulted in the image resolution ranging from 70 to 300 µm. 
 
IMAGE ANALYSIS 
 
16-bit 3D image volumes produced by the scanners were 
registered to fault-parallel coordinate system and visually 
evaluated in myVGL software (VolumeGraphics). While for 
most of samples the detailed analyses are in progress, the 
sample A1 has been chosen as a testing material for finding 
optimal algorithms of quantitative analysis. Selected region 
of interest within this sample was exported as a stack of 2D 
images and further processed in ImageJ open source 
program (Fiji distribution; Schindelin et al. 2012). Supervised 
image segmentation (separation of particles and matrix); 

was performed using Trainable Weka Segmentation 3D 
plugin (Arganda-Carreras et al. 2017) and refined by 
Distance Transform Watershed algorithm in MorphLibJ 
plugin (Legland et al. 2016) to produce an image with 
connected-component labels (i.e., with defined boundaries 
of each particle). Using the latter plugin, inertia ellipsoid was 
calculated for each labelled particle, the length and 
orientation of its principal axes being recorded. These 
parameters were then taken, after conversion, as input for 
orientation analysis using the open source toolbox MTEX 
(Bachmann et al. 2010) in MATLAB program (MathWorks). 
The correctness of the orientation data is currently being 
tested and here presented results are preliminary. 

 
Figure 2: Example of faulted sediment used for a pilot study 
(Tertiary sand with gravel beds, locality for samples A1 and A2). 
 
PRELIMINARY RESULTS 
 
The image volumes acquired by µCT scanning of all 
sediments tested display good enough quality to clearly 
recognise individual grains and some larger-scale 
structures in matrix related to tiny changes of porosity or 
mineralogy (Fig. 3). In samples A1&2, B1&2, and C2 the 
image resolution results in satisfactory representation of 
homogeneous particles with minimum dimension of 1 mm 
or even smaller when sufficient contrast is present. 
Measurement of the largest sample C1 is still in progress 
but threshold particle dimension of ca. 2-3 mm is expected. 
 
The images reveal detailed anatomy of faults that can be 
evaluated visually and quantitatively. Fig. 3 shows some 
examples: real shape of the shear zone, extent of dilatancy 
zone, preferred orientation and clustering of particles and 
their spatial variations. Weak preferred orientation of the 
long grain axes in the fault plane-parallel sections and the 
asymmetry in fault-perpendicular sections is visible in all 
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samples, including those in which they were not resolved 
macroscopically (A1&2, B1&2; Fig. 3). In samples A and C 
approximate orientation of shear direction can be deduced 
based on these observations, while in sample C2 the 
indication is less clear. It should be noted that while the 
preferred orientation is often hardly visible in 2D sections 
of most samples, it is seen much more clearly when 3D 
image is examined. 
 
The quantitative evaluation performed on sample A1 allows 
to support statistically (and hence make objective) the 
observations of weak preferred orientations and to perform 
more detailed analyses taking into account real grain shapes. 
Figure 4 illustrates the preliminary analysis of sample A1 
based on methodical scheme described above. The grains’ 
preferred orientation exhibits clear orthorhombic symmetry 
with centroids of smoothed maxima of long (A) and short (C) 
axes inclined 20-30° to the fault plane and its pole, 

respectively. This asymmetry is in accordance with the visual 
observation and may be interpreted as indication of shear 
parallel to the x-x’ direction (shown in Fig. 4) with the top 
displaced towards x’. Converted to geographic coordinates 
this shear sense suggests a nearly pure dip-slip of the SW 
block, which is consistent with the observed offset of gravel 
beds (comp. Fig. 2). 
 
CONCLUSIONS 
 
The advantage of adding the third sample dimension to the 
commonly available 2D views is obvious: the µCT scans allow 
to observe and analyse the real orientation and shape of 
components and structures in geological materials. 
Preliminary results of our study have shown that good 
quality images can be acquired even by less costly scanners 
from relatively large (horizontal diameter of >10 cm) 
samples of common types of non-consolidated sediments. 

 

 
Figure 3: Representative 2D sections from 3d mjuCT scans of samples A1, B2 and C2. Main structural features are highlighted The orientation of 
sections is related to x-y-z direction system based on visual evaluation:  x denotes the shear direction, z is the direction perpendicular to the fault 
and y is perpendicular to x and z. 
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observation and may be interpreted as indication of shear 
parallel to the x-x’ direction (shown in Fig. 4) with the top 
displaced towards x’. Converted to geographic coordinates 
this shear sense suggests a nearly pure dip-slip of the SW 
block, which is consistent with the observed offset of gravel 
beds (comp. Fig. 2). 
 
CONCLUSIONS 
 
The advantage of adding the third sample dimension to the 
commonly available 2D views is obvious: the µCT scans allow 
to observe and analyse the real orientation and shape of 
components and structures in geological materials. 
Preliminary results of our study have shown that good 
quality images can be acquired even by less costly scanners 
from relatively large (horizontal diameter of >10 cm) 
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Figure 4: Top: Simplified illustration of main steps in the image processing and analysis to extract the data needed for orientation analysis. Each 
particle defined by unique label is modeled by an ellipsoid whose shape and orientation is calculated. Bottom: Orientation of  long (A) and short 
(A) axes of particles in the fault shear zone of sample A1. Lambert projection, lower hemisphere, viewed from the pole to shear plane (preliminary 
results). More than 550 particles were analysed in this sample. The shear sense can be deduced from the asymmetry of centroids of distribution 
maxima - the black and grey arrows are the interpreted slip directions of the upper and lower parts of the specimen, respectively. 
 
These high contrast and high resolution images not only 
provide the study material for detailed visual evaluation of 
3D sample anatomy but also allow semi-automated 
separation of individual grains or clasts and subsequent 
quantitative analysis of large number of particles. Some 
analytical tools have been tested to show that quantitative 
analysis of particle orientation may be used as indicator of 
shear kinematics. 
 
This methodical approach is potentially suitable for coarser 
clastic sediments or clasts-in-matrix lithologies 
representing common examples of faulted rocks in which 
slickensides typically do not develop. Alternatively, 
internal fabric of any soft sediment can be studied by 
similar ways to reveal the flow direction related to other 
processes than faulting, e.g. liquefaction, solifluction or 
frost-related deformation. 
 
Acknowledgements: SolidVision Ltd. is thanked for providing free 
µCT scanning of two samples. 
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Abstract: Tectonic and magmatic processes accommodate extension at the eastern margin of the Basin and Range province in 
the Sevier Desert of Utah. Paleoseismic investigations across a transect of active faults, using a range of survey (terrestrial lidar, 
UAV-photogrammetry, and manual RTK transects) and Quaternary geochronology (40Ar/39Ar, 3He and 10Be exposure-ages), 
reveal the spatiotemporal relationship of faulting to magmatic (e.g., dike intrusion) and tectonic (seismogenic) processes. Based 
on these data, two primary faulting domains are delineated: (i) Basin and Range normal faults of tectonic origin, and (ii) magma-
assisted rifting and dike-induced faults. This framework is consistent with previous elastic-dislocation modelling of continuous 
GPS velocities across the region that suggests localized, pure shear extension in the eastern Sevier Desert superimposed on the 
far-field, plate boundary-driven rifting of the Basin and Range. This points towards trans-rift segmentation of the eastern Basin 
and Range into magma-poor and magma-assisted segments.  
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INTRODUCTION 
 
Within continental rifts, active faults provide records of the 
tectonic and magmatic processes that accommodate 
extension. In magma-starved rifts or rift segments, the 
accumulation of extensional strain through the seismic 
cycle leads to the development of seismogenic normal 
faults. These faults are capable of generating moment 
magnitude (MW) 7 or greater earthquakes that rupture the 
upper crust to the surface (Smith et al, 1996). Over millions 
of years, hanging wall subsidence and footwall uplift from 
the cumulative interseismic and coseismic deformation 
leads to the development of topographic and structural 
basins and ranges. In magma-assisted rifts, seismogenic 
faults may form alongside other faults that have formed in 

response to local magmatic and volcanic processes (e.g., 
via dike intrusion). These faults do not typically rupture the 
full width of the seismogenic crust and therefore have 
maximum magnitudes limited to c. MW 5.5 in historical 
datasets (Smith et al., 1996). Determining which mode of 
faulting predominates in a region is critical for both 
assessing regional seismic hazard and understanding the 
spatiotemporal variability in processes that contribute to 
lithospheric deformation (Rowland et al., 2010; Villamor et 
al., 2011; Gómez-Vasconcelos et al., 2017). These issues 
are salient in the eastern Sevier Desert of Utah (eastern 
Basin and Range, Fig. 1), where recent seismic hazard 
assessments have questioned the origin and seismogenic 
potential of active faults (WGUEP, 2016).  
 

 
 
Figure 1: Location map of faults 
within and proximal to the Sevier 
Desert, Utah. The inset (modified 
after McBride et al., 2010) shows 
the location of the Sevier Desert at 
the eastern margin of the Basin 
and Range (gray). Faults discussed 
in text are HR: House Range; CR: 
Cricket Range; CL: Clear Lake 
(includes Deseret); DM: Drum 
Mountains; PT: Tabernacle-
Pavant; SDD: Sevier Desert 
Detachment; WFZ: Wasatch Fault 
Zone. Blue lines are the locations 
of seismic reflection studies of 
Allmendinger et al. (1983), Crone 
and Harding (1984), Planke and 
Smith (1991), and McBride et al. 
(2015). IPP: Intermountain Power 
Plant. I-15 and I-70 are major 
interstate highways.  
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magnitude (MW) 7 or greater earthquakes that rupture the 
upper crust to the surface (Smith et al, 1996). Over millions 
of years, hanging wall subsidence and footwall uplift from 
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leads to the development of topographic and structural 
basins and ranges. In magma-assisted rifts, seismogenic 
faults may form alongside other faults that have formed in 

response to local magmatic and volcanic processes (e.g., 
via dike intrusion). These faults do not typically rupture the 
full width of the seismogenic crust and therefore have 
maximum magnitudes limited to c. MW 5.5 in historical 
datasets (Smith et al., 1996). Determining which mode of 
faulting predominates in a region is critical for both 
assessing regional seismic hazard and understanding the 
spatiotemporal variability in processes that contribute to 
lithospheric deformation (Rowland et al., 2010; Villamor et 
al., 2011; Gómez-Vasconcelos et al., 2017). These issues 
are salient in the eastern Sevier Desert of Utah (eastern 
Basin and Range, Fig. 1), where recent seismic hazard 
assessments have questioned the origin and seismogenic 
potential of active faults (WGUEP, 2016).  
 

 
 
Figure 1: Location map of faults 
within and proximal to the Sevier 
Desert, Utah. The inset (modified 
after McBride et al., 2010) shows 
the location of the Sevier Desert at 
the eastern margin of the Basin 
and Range (gray). Faults discussed 
in text are HR: House Range; CR: 
Cricket Range; CL: Clear Lake 
(includes Deseret); DM: Drum 
Mountains; PT: Tabernacle-
Pavant; SDD: Sevier Desert 
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Allmendinger et al. (1983), Crone 
and Harding (1984), Planke and 
Smith (1991), and McBride et al. 
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We present preliminary paleoseismic evidence for five 
previously mapped fault zones across the Sevier Desert – 
the House Range, Cricket Mountains, Tabernacle-Pavant, 
Deseret, and Clear Lake faults— that highlight the varying 
characteristics and modes of faulting in the tectono-
magmatic domains of the eastern Basin and Range (Fig. 1). 
Terrestrial laser scanning (TLS), UAV-photogrammetry, and 
manual GPS surveying of fault scarps provide displacement 
data at key sites along the faults. Age control of faulted 
landforms and of most recent surface-rupturing events 
(MREs) is provided by 10Be and 3He age models of faulted 
alluvial fans and basalt tension fissures, respectively. 
Additional age control was provided by 40Ar/39Ar dating of 
Pleistocene lava flows.  
 
Western Sevier Desert faults 
Time-averaged net slip rates are less than 0.1 mm yr-1 over 
the last c. 20-30 ka on range-bounding normal faults of the 
western Sevier Desert (House Range and Cricket 
Mountains faults, Fig. 1). In the House Range, timing of the 
MRE is constrained to a maximum of c. 15-18.5 ka BP by 

modelling of 10Be ages on undeformed, post-Provo 
highstand alluvial fans (Fig 2). Single event displacements 
(SEDs) of c. 1-2 m on both the House Range and Cricket 
Mountains faults last occurred during the establishment, 
or soon after the abandonment, of the Provo shoreline of 
Lake Bonneville (dated to c. 15-18 ka BP in other closed 
sub-basins of Lake Bonneville). Transgressive shorelines 
that formed before the Bonneville highstand (i.e., between 
c. 20-30 ka BP) are displaced by the same amount as the 
Provo shoreline, indicating a minimum recurrence interval 
on the faults of c. 15 ka (Fig. 2). Both the House Range and 
Cricket Mountains fault traces are confined to 101-102 m 
zones along the range front and demarcate the boundary 
between asymmetric gravity anomalies associated with 
long-term range growth and basin development (Fig. 1). 
 

 

 
Eastern Sevier Desert faults 
Time-averaged net slip rates of the Tabernacle-Pavant, 
Clear Lake, and Deseret faults are 0.2-0.5 mm yr-1. Despite 
having higher slip rates than faults of the western Sevier 
Desert, volcanic centers dominate the topographic relief of 
the eastern Sevier Desert; distributed slip across the 103-
104 m-wide zones of antithetic and synthetic faults has 
resulted in little cumulative topographic relief over the last 
c. 700 ka (based on 40Ar/39Ar dating of the Pavant and 
Deseret lava flows). Additionally, large on-fault vertical 
displacements are clustered around volcanic centers and 
taper to negligible values along- and across the faults.  
 
Two vertical displacements of c. 5 m for the Tabernacle 
section of the Tabernacle-Pavant fault, determined using 
TLS, occurred around the timing of formation of the Provo 
shoreline at c. 15-18 ka (Fig. 3). Field observations and 
detailed mapping facilitated by TLS revealed evidence of 
two Provo-aged shorelines on the hanging wall of the 
primary west-dipping fault (Fig. 3). There is evidence of 
rounded basalt boulders, wave-eroded cavities, and tufa 
development along the two shorelines, and both are 
clearly defined in the TLS. The lower and upper shorelines 
are offset from the correlative footwall shoreline by 5 and 
10 m, respectively (Fig. 3). This indicates two events took 
place: the first occurring during initial formation of the 
Provo shoreline and the second sometime during or after 
development of the upper shoreline. Cosmogenic 3He 
dating of a tension fissure situated within the fold scarp 
shows evidence for one event occurring at c. 15.9 ± 1.8 ka 
BP and a second possible event at 13.6 ± 2.5 ka BP. At 
present, it cannot be determined whether these ages, from 
four samples at different locations on the fissure walls, 
represent one or both of the events observed in the 
geomorphology (Fig. 3). 
 

Figure 2: Displaced shorelines of Lake 
Bonneville along the House Range 
fault. Inset shows UAV-derived DSM 
used for detailed mapping and 
displacement measurements. The 
Provo shoreline (c. 15-18 ka BP, 
dashed in the aerial photo) is 
displaced by the same amount, within 
uncertainty, as the sequence of 
transgressive shorelines (c. 20-30 ka 
BP) located topographically above 
and below. This is indicative of a 
single Surface-rupturing earthquake 
having occurred on the House Range 
fault in the last 20-30 ka, likely during 
occupation of the Provo shoreline. 
Green dots show the locations of 10Be 
samples which constrain the age of 
post-Provo alluvial fans to being a 
maximum of 18.5 ka BP. This is in 
agreement with geomorphic 
evidence of rapid Post-provo 
sediment aggradation (Hintze and 
Davis, 2003).  
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Sedimentary evidence from tension fissures further north 
along the Pavant section of the Tabernacle-Pavant fault 
indicates that fault-related fissures along these stretches 
were established prior to the Provo highstand and possibly 
before Lake Bonneville (20-30 ka BP), with no evidence of 
recent on-fault displacement. This indicates a remarkably 
small fault length (c. 5 km) for the observed 5 m vertical 
SED along the Tabernacle section. Such observations are 
consistent with dike-induced faulting elsewhere (Rowland 
et al., 2007) but would be at odds with length-
displacement scaling of seismogenic faults in historical 
earthquakes (e.g., Wells and Coppersmith, 1994). 
 
DISCUSSION 
 
Both western and eastern Sevier Desert faults show 
evidence for latest Pleistocene to Holocene surface-
rupturing events; however, the rates and characteristics of 
these surface displacements are fundamentally different. 
On the basis of our observations, and those of Stahl and 
Niemi (2017), we demarcate two faulting domains across 
the Sevier Desert: 
 
(i) Seismogenic ‘Basin and Range’ normal faults of entirely 
tectonic origin (House Range and Cricket Mountains faults) 
These faults accumulate elastic strain over thousand year 
timescales and rupture the seismogenic part of the crust 
(c. 10-15 km) in ≥ MW 6-7 earthquakes. They have subdued 
surface expression on active traces due to the relatively 
low modern slip rates being nearly matched by the rate of 
hillslope diffusion and basin deposition. Fault traces are 
confined to narrow zones along range fronts and delineate 
the boundaries between topographic and structural relief. 
Single event displacements (1-2 m) are consistent with 
average displacements observed along other surface-
rupturing normal faults of the Basin and Range. 

(ii) Intrabasin normal faults of primarily magmatic origin 
(Deseret, Clear Lake, and Tabernacle-Pavant faults) 
These faults are spatially and temporally associated with 
volcanic centers and are likely the result of dike intrusion 
and arrest in the upper crust. Extension rates across the 
fault zones are similar to that of a tensile dislocation 
modelled in continuous GPS velocities (Stahl and Niemi, 
2017), indicating a local ‘active rifting’ mechanism acting 
on the crust in this region. Large on-fault displacements are 
local and decrease rapidly along and perpendicular to 
faults. While there is some evidence for accumulated 
displacements of subsurface units since the Pliocene, there 
is little net topographic relief controlled by faulting over 
the last 1 Ma. 
 
Segmentation of continental rifts into magma-poor and 
magma-assisted segments has typically been considered 
along the axis of narrow rift zones (e.g., East Africa and 
Taupo Volcanic Zone). The evidence presented here points 
towards trans-rift segmentation across the eastern margin 
of the Basin and Range province. In this particular 
circumstance, it is likely that the relatively large amount of 
extension accommodated at this margin margin of the 
Basin and Range over the course of late Cenozoic rifting has 

primed this area for magmatism and dike-induced faulting 
relative to the interior of the rift. 
 

 
Figure 3: Location of study site, field surveys, and exposure-age 
dating along the Tabernacle section of the Tabernacle-Pavant 
fault. (A) 5 m DEM showing the location of the study site situated 
at the northern edge of the Tabernacle flow and south of the Ice 
Springs flow. White lines show locations of RTK GPS surveys across 
faults and the Provo shoreline(s). (B) Mapping on 1 m TLS-derived 
DEM showing two Provo shorelines on the downthrown side of the 
major fault and correlation of flow edges across the faults. The 
location of the tension fissure sampled for 3He dating of olivine in 
the basalt is shown in red. The depth of fissure is approximately 10 
m and is equal to the vertical displacement on the fault.  Samples 
were taken from the base and top (below 2.5 m of the flow surface) 
to test for progressive opening of the crack in multiple events. (C) 
Probability density functions (PDFs) of the exposure-ages of 
individual samples (smaller PDFs) and summary “camel plots” for 
different event scenarios (PDF envelopes).  
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2017), indicating a local ‘active rifting’ mechanism acting 
on the crust in this region. Large on-fault displacements are 
local and decrease rapidly along and perpendicular to 
faults. While there is some evidence for accumulated 
displacements of subsurface units since the Pliocene, there 
is little net topographic relief controlled by faulting over 
the last 1 Ma. 
 
Segmentation of continental rifts into magma-poor and 
magma-assisted segments has typically been considered 
along the axis of narrow rift zones (e.g., East Africa and 
Taupo Volcanic Zone). The evidence presented here points 
towards trans-rift segmentation across the eastern margin 
of the Basin and Range province. In this particular 
circumstance, it is likely that the relatively large amount of 
extension accommodated at this margin margin of the 
Basin and Range over the course of late Cenozoic rifting has 

primed this area for magmatism and dike-induced faulting 
relative to the interior of the rift. 
 

 
Figure 3: Location of study site, field surveys, and exposure-age 
dating along the Tabernacle section of the Tabernacle-Pavant 
fault. (A) 5 m DEM showing the location of the study site situated 
at the northern edge of the Tabernacle flow and south of the Ice 
Springs flow. White lines show locations of RTK GPS surveys across 
faults and the Provo shoreline(s). (B) Mapping on 1 m TLS-derived 
DEM showing two Provo shorelines on the downthrown side of the 
major fault and correlation of flow edges across the faults. The 
location of the tension fissure sampled for 3He dating of olivine in 
the basalt is shown in red. The depth of fissure is approximately 10 
m and is equal to the vertical displacement on the fault.  Samples 
were taken from the base and top (below 2.5 m of the flow surface) 
to test for progressive opening of the crack in multiple events. (C) 
Probability density functions (PDFs) of the exposure-ages of 
individual samples (smaller PDFs) and summary “camel plots” for 
different event scenarios (PDF envelopes).  
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CONCLUSIONS 
 
Faults of the Sevier Desert, Utah can be split into two 
tectono-magmatic domains: those relating to local stresses 
induced by dike intrusion and those related to far-field 
plate boundary stresses. The different domains are 
characterized by variations in surface expression, slip rate, 
and SEDs. While rift segmentation along narrow 
continental rifts is commonly observed (e.g., East African 
Rift and Taupo Volcanic Zone), we observe segmentation 
across the eastern margin of the Basin and Range. Detailed 
mapping, surveying and dating can resolve this pattern of 
segmentation; future efforts should be directed towards 
delineating magma-assisted segments from purely 
tectonic segments across other continental rifts.  
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Abstract: Biala Lądecka (Biala Kłodzka) river is located in Lower Silesia (Poland) and its valley separates Góry Złote Mts. 
(Rychlebské hory Mts.) on the NE from Góry Bialskie Mts. on the SW. We conducted geomorphic investigations on the Biala 
Lądecka river basin, in order to determine if Quarternary tectonic activity at the Bělský fault (or near Marginal Sudetic fault) is 
contributing to the river’s asymmetry. Our research was focused on analysis of selected landforms, DEM parameters, 
morphometric indexes and their spatial distribution which could potentially indicate recent tectonic activity in the area. At 
selected places geophysical measures were used to discover proper location and structure of Bělský fault or presence of 
suggested morpholineaments. Preliminary results suggest a Quaternary tectonic activity for the Bělský fault. Moreover we tried 
to clarify nowadays stress regime in study area based striae measurement on fault planes and precise monitoring of selected 
faults using TM-71 device. 
 
Key words: Poland - Czech border, NE Europe, stable continental areas, Biala Lądecka river, Bělský fault, morphometric indexes, DEM analysis, 
geophysical survey. 
 
INTRODUCTION 
 
The study area covers the upper part of Biala Lądecka 
drainage and adjacent region which is located partly in 
Czech Republic, but mainly in Poland (Fig. 1) and belongs 
to Bohemian Massif as a part of Epihercynian platform. It 
belongs to eastern part of the Sudety mountain system, 
specifically Rychlebské hory Mts. on the Czech side, Góry 
Złote and Góry Bialskie on the Polish side, where the 
highest peaks of these mountains are located (Smrk 1127 
m a.s.l., Czernica 1083 m a.s.l.).  
 

 
Fig. 1: Location of the study area. 
 
It is represented by tectonically uplifted blocks with well-
preserved NNE-SSW trending Variscan structure (the Staré 
Město unit and Śnieżnik unit) built almost exclusively of 
Precambrian metamorphic rocks and later granitoids (Kasza 
1964, Don 2003). During the Pliocene and Pleistocene faults 
striking NW-SE to NNW-SSE were reactivated (Grygar and 
Jelínek, 2003) and movements on these faults influenced 
now-a-days relief of mountains. However the Bohemian 

Massif was in older literature considered as a tectonically 
inactive area, monitoring of micro-displacements directly on 
fault planes using TM-71 devices (see lower) or GPS 
measurements have discovered recent tectonic activity in 
this part of the Bohemian Massif, (see eg. Cacoń and Dyjor, 
1995, Schenk et al. 2003; Kontny 2004, Cacoń et al. 2005). 
 

 
Fig. 2: Topographic map of the Rychlebské hory Mts. (Góry Złote 
Mts.) with marking the Bělský fault zone and the Sudetic Marginal 
Fault. BLV – Biala Lądecka valley, red line delineate the study area. 
 
The main structure in study area is the 100km long Bělský 
fault (BF), in Poland called Bielawka fault or 
Trzebieszowice-Biala fault, sometimes Biala fault (BF). It 
belongs to Elbe Fault System which is the zone of 
predominantly parallel NW-SE striking faults (eg. Sudetic 
Marginal Fault, Klepáčovský fault) traceable from the SE 
North Sea to the front of the Carpathian outer flysh nappes 
(Schenk et al. 2002). The zone has been active at least since 
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Late Cretaceous time and underwent various types of 
movements during its evolution (Danišík et al. 2012). BF 
continues to SE through in Hrubý Jeseník Mts. and Nízký 
Jeseník Highland as a step-over fault of the Sudetic 
Marginal Fault and forms an 8 km wide fault zone with CO2 
mineral springs (eg. in Karlova Studánka, Dolní Moravice, 
etc.) (Hynie 1963). To the SE also Neogene and 
Quarternary volcanics (eg. Uhlířský vrch hill, Venušina 
sopka volcano) are placed in the zone (Buday et al., 1995). 
Historical (Guterch and Lewandowska-Marciniak 2002) 
and present seismicity has been documented in this area 
(eg, Špaček et al. 2006, Zedník et al. 2001). The NW 
extension of the BF is uncertain; the presence of the 3.83 – 
5.46 Ma old volcano and 2 lava flows (Birkemajer 2002) 
near Lądek Zdroj might be evidence of a fault segment 
related to the main BF fault. 
 
The aim of this contribution is to show the likely possible 
young reconfiguration of upper part of Biala Lądecka 
drainage network caused by BF during the Cenozoic based 
on geomorphological evidence. Drainage network 
parameters may contain useful information about present 
and past tectonic movements (see eg. Burbank and 
Anderson 2001, Keller and Pinter 2002, etc.). We analyzed 
the spatial distribution of selected landforms (eg. gullies, 
springs, swamps, linear shapes of relief, youngest erosion 
in drainage, etc.) based on detail geomorphological 
mapping (see Fig. 4). We performed geophysical 
prospecting in order to properly map the BF fault trace and 
define the fault structure in detail (see Fig. 3). 
 
ANALYSIS AND DISCUSION 
 
The analysis of drainage network of upper part of Biala 
Lądecka river basin discovered extreme asymmetry of the 
basin (asymmetry factor AF = 31.5%) as visible on Fig. 4. It 
indicates the influence of tectonic movements on faults in 
this area during Cenozoic. Recent works about the Sudetic 
Marginal Fault zone (BF belongs to this zone) in Rychlebské 
hory Mts. (Góry Złote Mts.) describe that the region have 
undergone 4-5 stages of uplift since Miocene (Badura et al. 
2007), and also horizontal movements are determined on 
Sudetic Marginal Fault (Štěpančíková 2010, 2017 in 
prepare). In the BF zone sinestral sense of movement on 
main faults was suggested (same as on the Sudetic 
Marginal Fault) base on the valley offset of the Biala 
Lądecka river and Stříbrný potok brook. (see Fig. 4) 
Nowadays left lateral displacement of the Biala Lądecka 
river valley is nearly 2km since upper Pliocene when the 
valleys have started to downcutting (Ivan 1966). The offset 
of valley of the Stříbrný potok brook in BF zone is nearly 1.2 
km. The rectangular bands in valley direction occur mainly 
due to presence of lithostratigraphic boundaries and also 
due to probably horizontal tectonic movements. We 
observed horizontal displacement on other smaller 
(younger) creeks, where offset is only several meters. 
 
Unfortunately nowadays valleys are free of any sediment 
suitable to date, even in many cases streams are flowing 
directly on bedrock. Holocene and Saal 1 river terraces of 
Biala Lądecka river are preserved in lower part of the valley. 

 
Longitudinal profiles and SL indexes (Hack 1973) were 
constructed and calculated for all streams longer than 1 km 
based on 1m - LIDAR data (see Fig. 5 and Fig. 6. The SL 
indexes (Hack, 1973) were calculated for 100m long 
segments each 50 m of the stream following the formula 
SL= SL=(ΔH/ΔL)L, where ΔH/ΔL is gradient of 100m long 
segment and L is the distance of midpoint from the stream 
beginning. The advantage of the SL index is to compare 
changes in channel slope of streams in different order. 
Afterwards it is possible to evaluate the relationships 
among tectonic activity, rock resistance and topography 
(Keller and Pinter 2002). 
 
Longitudinal profiles of streams are highly unbalanced due 
to presence of lithostratigraphic boundaries and also 
presence and movements of verified faults or suggested 
morpholineaments (see below). Moreover these faults 
were based on SL indexes marked as active/inactive. The 
example of longitudinal profile of Bielawka river and its 
tributaries in combination with SL index position show 
plots on Fig. 5 and Fig. 6. 
 
Morpholineaments represent the linear elements of the 
relief, such as linear sections of valleys, linear spatial 
distribution of selected landforms or linear structures 
directly visible from DEM. They can be associated with 
tectonic dislocations or lithostratigraphic boundaries (see 
e.g. Badura et al. 2003, Štěpančíková 2005).  Based on 
analyse of morpholineaments and linear arrangement of 
selected geomorphological landforms new traces of 
suggested faults were delineated, some of them were 
based on SL indexes marked as active (see Fig. 4). This 
method seems to be useful to determine fault traces in 
areas where geological maps or other materials are 
missing. 
 
We used geophysical survey (ERT transects) to see 
structure and placement of BF and also to confirm some 
suggested faults (from morpholineaments). The BF zone is 
more-or-less parallel faults, express as high conductive 
~60-100 m width fault zone nearly vertical filled by 
weathered or crushed rocks, sometimes followed on the 
surface by springs or swamps. (see Fig. 3). 
 
To determine the ongoing stress regime in study area we 
monitored selected faults with TM-71 devices installed 
directly across a fissure or a fault plane. The TM71 device 
is based on a mechanical optical principle (Moiré 
technique) and is able to monitor movements with 
precision 0.01 mm/year in 3D. This device was installed in 
several regions with different levels of tectonic activity (for 
more details see Košťák 1991, Stemberk et al. 2003, etc.). 
Even though the tectonic activity in study area is low, 
aseismic tectonic movements ~0,05mm/year were 
observed. The records of several TM-71 devices from 
adjacent area will be presented. Measurement of 
orientation and dip of striae on several rock outcrops were 
also carry out to support TM71 results. 
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CONCLUSIONS 
 
Based on detailed geomorphological mapping, DEM 
analyses, geophysical research and monitoring of 
nowadays movements on selected faults using TM-71 
device we suggest Bělský fault (and also other regional 
faults in study area) activity during the Quarternary. As a 
preliminary results we’ve clarified the stress regime in 
study area and sense of movement on Bělský fault. All 
results will be presented, additional research will build off 
of this work. 
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CONCLUSIONS 
 
Based on detailed geomorphological mapping, DEM 
analyses, geophysical research and monitoring of 
nowadays movements on selected faults using TM-71 
device we suggest Bělský fault (and also other regional 
faults in study area) activity during the Quarternary. As a 
preliminary results we’ve clarified the stress regime in 
study area and sense of movement on Bělský fault. All 
results will be presented, additional research will build off 
of this work. 
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 Fig. 4: A special geomorphological map. 

 Fig. 5: Longitudinal profile of Bielawka 
brook with all tributaries, triangles identify 
places where brooks cross the faults; boxes 
idenfify places where brooks are following 
fault. 
 
 
 
 
 
 
 
 
 
 Fig. 6: SL index (Hack 1973), 
reason of peaks: E – erosion, Z – fault,  
L – lithostratigraphic boundaries; ? – 
unknown reason. 
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Abstract: The NNW-SSE trending Mariánské Lázně Fault (MLF) zone is situated in the western part of the Bohemian Massif (Czech 
Republic, central Europe) where it intersects NE-trending Cenozoic Eger rift. The northern segment of the MLF controls the 
morphologically pronounced mountain front of Krušné hory Mts. and eastern limit of Cenozoic Cheb basin, which is famous for 
earthquake swarms (max. ML=4.6) and CO2 emanation. We performed 2D and 3D geophysical survey (electric resistivity 
tomography, ground penetration radar) and 3D trenching to look for large surface-rupturing prehistoric earthquake responsible 
for pronounced moutain range front. Seven excavated and six hand-dug trenches revealed a complex geology and deformation 
at the study site probably as a result of right-lateral transpression during Late Quaternary. Two Holocene earthquakes 1150-590 
BC and 780-1000 AD were inferred from 14C dating of faulted Holocene colluvium with corresponding magnitudes Mw=6.7-7.0. 
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The NNW-SSE trending Mariánské Lázně Fault (MLF) zone is 
situated in the western part of the Bohemian Massif (Czech 
Republic, central Europe) and its northern segment controls 
the eastern limit of Cenozoic Cheb basin. The Cheb basin 
intersects the NE-trending Cenozoic Eger rift and is typical of 
present-day earthquake swarms with maximum magnitude 
Mw=4.3, abundant occurrences of mantle-derived carbon-
dioxide emanations, and Mid-Pleistocene volcanoes (Fig. 1). 
In the NW, the MLF governs morphologically pronounced 
mountain front of the Krušné hory Mts. 
 
The study site Kopanina is situated at the north-eastern limit 
of the Cheb basin, where the MLF intersects N-S main 
seismoactive zone of Nový Kostel, which is the most active 
zone of the West Bohemia/Vogtland region (Fischer et al. 
2012). The trace of the studied fault segment is delineated 
by most recent morphology of the marginal slope of the 
Krušné hory Mts. and by sites where series of sub-parallel 
valleys become deeply incised into uplifted block of the Mts 
(Fig. 2). To study the Quaternary activity of the fault, we 
combined geophysical survey using ground penetration 
radar (GPR) and electric resistivity tomography (ERT) with 
trenching survey. The preliminary results of the first 
trenching and geophysical campaign were presented by 
Fischer et al. (2012), Štěpančíková et al. (2015). Here we 
combine the results from the very first, a 100 m long fault-
crossing trench with the following 3D trenching (3 fault-
crossing trenches, 3 fault-parallel trenches, 6 small hand-dug 
trenches) and additional 3D GPR, and 2D and 3D ERT survey. 
 

 
Fig. 1. Geological map of Cheb basin (CHB).Mariánské Lázně Fault 
(MLF) and Eger Rift (EG) are indicated by black lines. 1 Late Variscan 
granites and granitoids; 2 Variscan metamorphic units; 3 Volcanics 
(mainly Oligo-/Miocene); 4 Eocene–Oligocene (Staré Sedlo Formation); 
5 Miocene (Cypris Formation); 6 Plio-Pleistocene (Vildštejn Formation); 
7 Quaternary; ECC – Erzgebirge (Krušné hory) Crystalline Complex, DU 
– Dyleň Unit; Variscan granitoids: SP – Smrčiny (Fichtlgebirge) Pluton, 
KVP – Karlovy Vary Pluton, ŽP – Žandov Pluton; CHB – Cheb basin, SB – 
Sokolov Basin; KHF – Krušné hory Fault zone, MLF – Mariánské Lázně 
Fault zone, PPF – Počátky-Plesná Fault zone. Quarternary volcanic 
cones: KH – Komorní Hůrka volcano, ŽH – Železná Hůrka volcano. 
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The trenches revealed Cenozoic basin sediments being 
displaced by repeated movements (7 events/periods) along 
several faults of the MLF zone of various ages striking 132°to 
162°. The succession of sedimentary units of the Cheb basin, 
consist of the oldest basal Staré Sedlo Formation (upper 
Eocene to Oligocene) (units group e), fluvio-lacustrine Plio-
Quaternary Vildstein Formation (units group f), and 
Holocene colluvium (units h) (Fig. 3). The oldest units seem 
to be dragged out, which is suggested by layer inclination 
observable in the trench as well as in the results of 
geophysical survey (Fischer et al. 2012). Also the fact that 
they have been found mostly only in drill holes but they 
occur on the surface at the study site could be a result of 
dragging out of the basin infill at its limit. This flexure could 
be due to normal faulting during Late Oligocene – Early 
Miocene N-NE-directed extension in the Bohemian Massif 
(Adamovič and Coubal 1999, Coubal et al. 2015). 
 

 
Fig. 2. LiDAR-based DEM of the study site. Red rectangle – 
trenching site, on the ortophoto in the upper right corner. Red 
arrows point to MLF, which is highlighted by DEM shows. 
 
The Vildstein Formation in the basin centre has been dated 
by paleomagnetic and paleobotanic methods as 4.5-1.4 Ma 
(Bucha et al. 1990, Theodoridis et al. 2017). We dated the 
younger part of the Formation close to the basin limit by 
OSL dating, which yielded approx. 173 to 495 ka for 
different layers. The Formation at the site is displaced by 
several successive normal faults with probable horizontal 
component within the 28 m wide zone, which most 
probably form a single fault at the depth. The Mid-
Pleistocene fault activity obviously migrates towards the 
basin centre, which is probably related to a basin 
subsidence. The summed displacement per event along 
these faults reaches up to 30 cm.  
 
The youngest faults striking 132° to 156° displaced also 
Holocene colluvium at least twice and deformed also the 

older f units (Fig. 3). The style of deformation with a push-
up structure suggests a transpressive regime with 
prevailing horizontal component of the slip. The older 
Holocene unit h1 dated by radiocarbon dating of charcoals 
as approx. 3300 to 380 BC (modelled cal. years) was 
displaced by event 1 and event 2 with the summed vertical 
displacement at all faults approx. 49 cm ± 3 cm per older 
event 2. The younger unit h2 dated as 360 BC to 1020 AD 
(modelled cal. years) is vertically displaced by the main 
fault F1 (132°-142°) by 39 cm. If we consider the vertical 
displacements of supposedly strike-slip as minimum value 
for presumed horizontal slip and consider it as maximum 
displacement then by using empirical relationships 
“magnitude versus maximum displacement” (Wells and 
Coppersmith, 1994) we obtain the minimum magnitude 
around Mw=6.5. In addition, if we consider the length of 
11 km of the youngest morphological expression of the 
MLF as a surface rupture length, by using “magnitude 
versus surface rupture length” relationship (Wells and 
Coppersmith, 1994), we obtain at least Mw=6.3. 
 
As the above considered displacements are vertical offsets 
measured in the fault-crossing trenches (trench A and D) 
and because the deformation style suggests prevailing 
horizontal slip, the proposed magnitudes might be 
underestimated. Thus we performed also 3D fault-parallel 
trenches to trace a horizontally offset feature to obtain the 
horizontal displacement. We found an offset channel 
which was dated by radiocarbon dating as 3330 BC to 2140 
BC (which would correspond to unit h1) and which was 
right-laterally offset by 1-1.5 m by an oblique fault striking 
158°. Occurrence of another oblique faults suggests their 
en échelon arrangement and could be a result of complex 
geology within the right-lateral transpression zone. As the 
channel did not contain a younger unit h2, which might 
have been already eroded, we supposed that it was offset 
by event 2 but also displacement during the younger event 
1 cannot be ruled out. Thus, provided that the channel has 
been offset twice, horizontal slip per event would be 
around 0.5-0.75 m along this fault. If we sum up this value 
of 0.5-0.75 m and value for the fault F1 from other fault-
crossing trenches we obtain 0.9-1.2 m displacement for 
event 1 and 1-1.3 m for event 2 (including also faults F6 and 
F7). In such case the corresponding magnitude yields 
Mw=6.8 ± 0.1 for event 1 and for event 2 Mw=6.8-6.9 as 
minimum because we do not know the horizontal offset on 
the main 132°-142°striking fault. In an alternative scenario 
of only one displacing event, we would obtain Mw=6.8 to 
7.0 for the older Holocene event 2.  
 
To refine the age of the Holocene events, we used a 
chronological model produced in Oxcal programme v4.3.1 
(Bronk Ramsey, 2017), using probability distribution of 14C 
dating results following Lienkaemper and Bronk Ramsey 
(2009). The modelling yielded event 2 between 1150 BC 
and 590 BC and event 1 occurring between 780 and 1000 
AD. To find historic or archeological data supporting the 
historic surface-rupturing earthquake (event 1), the 
youngest and largest documented in central Europe and in 
Bohemian Massif, will be a subject of further study. 
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Fig. 3. Log of the NW-facing wall of the trench Kopanina A. 
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Abstract: The Hundalee Fault is one of the 21 faults that ruptured during the Mw7.8 2016 Kaikoura earthquake. The earthquake 
produced a minimum 12 km-long surface rupture that comprised discontinuous displacements and slip types.  Having recently 
completed a rupture and slip distribution database for the fault rupture, we are now attempting to understand the rupture in 
the context of the long-term behaviour of the fault. The ephemeral nature of the surface rupture is suggestive of a structurally 
immature fault, yet evidence of previous prehistoric earthquakes, large cumulative late-Cenozoic throw, and well developed 
fault zone rocks are more consistent with a well-established fault. Future work will constrain the paleoseismicity of the fault, 
and seek to understand the wider tectonic controls on the fault rupture. 
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INTRODUCTION 
 
The Hundalee Fault is one of the 21 faults that ruptured 
during the Mw7.8 2016 Kaikoura earthquake (Fig. 1). 
The ruptures are located towards the south end of the 
c. 180 km long rupture zone, and show a combination of 
strike-slip and reverse displacements. The following is a 
precis of our observations of the rupture, and discussion 
of the ruptures in the context of the longer term 
behaviour of the fault.  
 
FAULT RUPTURES 
 
The general location of the Hundalee Fault ruptures is 
shown in Figure 1. The Kaikoura earthquake ruptured a 
minimum of 12 km of the length of the onland 
northeastern section of the Hundalee Fault. Maximum 
displacements of c.4 m dextral (with c.2 m reverse slip, 
north side up) were observed at the coast. Uplift of the 
coastal platform shows that the rupture also continued 
offshore, which is consistent with submarine 
investigations indicating c.2 km of surface rupture 
between the coast and the rim of the Kaikōura Canyon 
(Clark et al. in review). The southwestern c.15 km of the 
fault source did not experience surface-rupture in the 
Kaikoura earthquake (Fig. 1). The Hundalee Fault is 
included as a fault source in the 2010 national seismic 
hazard model (NSHM; Stirling et al. 2012), though no 
paleoseismic data are available for the fault.  
 
We have recently completed our rupture trace and slip 
distribution database for the Hundalee Fault, and this will 
be combined with databases from the other 2016 
ruptures at GNS Science. From Figure 2 it can be seen that 
the Hundalee fault rupture is very discontinuous, 
especially at the southwestern end. The distribution of 
slip is also highly irregular, with the maximum (dextral) 
strike-slip at the coast (Coast SH1 in Fig. 2), but generally 

dip slip of widely varying amounts inland (generally 0.5-
2m throw). A component of sinistral slip is also observed 
inland (e.g. Glenstrae area in Fig. 2). In the Birches area 
(Fig. 2) multiple parallel ruptures are observed in a zone 
no more than a few hundred metres wide. The rupture is 
therefore very complex in comparison to 2016 fault 
ruptures to the north and southwest, which are more 
continuous and linear (Fig. 1). 
 

 
Figure 1: The rupture zone produced by the M7.8 2016 Kaikoura 
earthquake. The yellow box encloses the Hundalee Fault 
ruptures, and the area shown in Figure 2. The faint thick red line 
both inside and outside the yellow box shows the Hundalee Fault 
source from the NSHM (Stirling et al. 2012). Figure modified from 
Stirling et al. (2017). 
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Figure 1: The rupture zone produced by the M7.8 2016 Kaikoura 
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Figure 2: Main surface ruptures of the Hundalee Fault. The Stone 
Jug Fault ruptures are also shown since these were close to the 
Hundalee Fault, and were also a focus of our rupture mapping. 

Figure 3: Example of a surface rupture of the Hundalee Fault in the 
Oaro left bank area (see Fig. 2). 
 
FAULT RUPTURES VERSUS LONG TERM BEHAVIOUR   
 
The Hundalee Fault is mapped over a total onland length 
of c.35 km, and was considered to be a pure reverse fault 
prior to the Kaikoura earthquake (e.g. Kingsbury et al. 
2008). While little was known about the Late Quaternary 
activity of the fault prior to the earthquake, we see 
evidence of previous earthquakes at two of the rupture 
areas in Figure 2 (Coast SH1 and Okarahia; e.g. Fig. 4). The 
absence of previous scarps at the other sites is possibly 
due to the landscape being too young to have preserved 
the scarps of the previous earthquake. Many of the 
scarps were observed on active floodplains and on 
hummocky landslide terrain. 
 
The complexity and fragmented nature of the Hundalee 
Fault ruptures may be suggestive of a fault that is poorly 
developed and immature. However, this is at odds with 
the large vertical displacements on the fault during the 
late Cenozoic. At the coast the fault juxtaposes 
greywacke basement in the hanging wall against Amuri 
limestone in the footwall, which represents hundreds of 
metres or more of late Cenozoic throw across the fault. 
An exposure of well-developed fault zone rocks in the 
Birches area (Fig. 2) is characteristic of a fault that has 
accommodated considerable displacement. Our present 
challenge is to reconcile how such large displacements 

and well-developed fault rocks could develop on a fault 
that shows such pronounced rupture complexity and 
fragmentation in the most recent earthquake. This is one 
of many enigmas that the Kaikoura earthquake has 
revealed. The complexity of the rupture as a whole in 
terms of the number of faults involved (21), and the 
combination of fault slip types and slip rates, were 
beyond our prior expectations for seismic hazard source 
modelling in the area. Multi-fault rupture sources had 
been considered in the 2010 NSHM (Stirling et al. 2012; 
2017), but not to the extent seen in the 2016 earthquake. 
There may be more than simply crustal controls on the 
earthquake rupture parameters (e.g. Hikurangi 
subduction interface influences).  
 

 
Figure 4: Scarp of the Hundalee Fault at the Okarahia area (see. 
Fig. 2). The 2016 rupture has produced the shaded turf roll at the 
base of the scarp, whereas the rounded scarp above is evidence of 
a previous, prehistoric earthquake. 
 
CONCLUSIONS 
 
The Hundalee Fault was one of the mapped faults in the 
northern South Island that ruptured during the Mw7.8 
2016 Kaikoura earthquake. It produced a minimum 12 
km-long discontinuous rupture zone of widely varying 
displacements and slip types.  The ephemeral nature of 
the rupture is suggestive of a structurally immature 
fault, yet evidence of previous prehistoric earthquakes, 
large cumulative late-Cenozoic throw, and well 
developed fault rocks are consistent with a well-
established fault. Future work will constrain the 
paleoseismicity of the fault, and seek to understand the 
wider tectonic controls on the fault rupture. 
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Abstract: The Kalacka Cave is located in the Bystra Valley in the TatraMountains (Central Western Carpathians). The cave is 
a paleo-phreatic conduit which was drained prior to 160 ka. Cave morphology has been affected by faulting which has 
dislocated passages. One of the faults is located ca. 15 m west of a sump filled by sandstones and siltstones, within which 
unusual deformation structures for such a geological environment were found, including: microfaults and folds (disharmonic 
folds, fault-bend folds, upright anticlines), load structures, and water escape structures (various shapes conduits, clastic 
dykes). We tried to identify the probable trigger mechanism of the deformation structures based on the geological setting 
and plausible physical processes within the cave environment. To check the possibility of liquefaction in thin soft-sediment 
infilling the bedrock we attempted to estimate the site effects and the vulnerability index (Kg) of the cave sediment. Acoustic 
measurements were used to measure S-wave velocities and densities of the soft sediment and the surrounding rigid rocks 
and we then estimated the values of the amplification coefficient and resonance frequency that might have occurred in the 
cave sediment during tremors. The resonance frequency has been calculated at ca. 17.5 Hz pointing at a near, relatively high-
frequency shaking source (such as microtremors, rockslides, near earthquakes). Such frequency, combined with Kg>5, makes 
liquefaction of the cave sediment very likely. Based on the Tatra Mountains geologic setting the most probable trigger 
mechanism for liquefaction could be a tremor induced by gravity sliding resulting from rock mass relaxation. The mountain 
ranges were most prone to simultaneous slope destabilization and supersaturation of deposits at the end of the glaciations. 
The Kalacka Cave are not only a site with a rare structure but also the first location with soft sediment deformation structures 
triggered by gravity sliding caused by the relaxation. 
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Abstract: Different rock properties cause various specific resistivities of rocks. The ability to distinguish between different rock 
types depends on lithology, intensity of chemical and frost weathering, or mechanical disruptions caused by gravitational slope 
movements and tectonic processes. Water content and water mineralization are factors with very variable effects on resistivity. 
The final resistivity model represents a complex value describing the combined effect of all above-mentioned factors. Due to its 
versatility and relatively easy data processing, electrical resistivity measurements (ERT) can be seen as the leading geophysical 
method for identifying tectonic features. The method can be used for both (i) large scale surveying of the main fault structures 
and (ii) detailed investigation of the near-surface manifestations of the fault. Here we present some examples from Central 
Europe that exhibit typical resistivity images of active faulting. 
 
Key words: active tectonics, depth fault tracking, shallow trenching, electrical resistivity tomography, Central Europe  
 
 
INTRODUCTION 
 
Resistivity measurements (electrical resistivity 
tomography – ERT; electrical resistivity imaging - ERI) have 
become a very effective tool of imaging of the subsurface 
in the last decades. A fast development of measurement 
devices and data processing makes geophysical 
measurements available for many different geoscience 
applications, including surveys of tectonic features such as 
faults and their subsurface manifestations. The use of 
geophysical methods in fault investigation is not a new 
application (Berge 2014, Nguyen et al. 2005, Suzuki et al. 
2000). Several inversion algorithms can now easily be used 
for data processing and interpretation, e.g. Res2Dinv 
(Loke, 1997), BERT (Günther et al. 2006), among others. 
 
Different rock properties (namely mineral composition and 
structure) cause various specific values of resistivity. 
However, it is not only the geochemical properties of rock 
that influence the resistivity. Intensive chemical weathering 
processes can change the specific values of resistivity by 
several orders. This means that a weathered rock can be 
represented by completely different values compared with 
intact rock. Furthermore, mechanical disruption, such as 
fracturing by frost weathering, gravitational slope 
movements, or tectonics, can lead to significant changes in 
rock properties and, thus, in specific rock resistivity. Last but 
not least another factor affecting the resistivity of the 
subsurface is water content and water mineralisation. It is 
obvious that each measurement point represents a complex 
value describing (besides the mineral composition of the 
rock) a combined effect of all factors mentioned above. The 
final resistivity image is thus very complex and it bears 
information on rock type, its mechanical disruption and 
chemical alteration as well as on water content in 
subsurface. The effect of tectonics and related processes 
(weathering, mechanical disruption or penetration of 
ground water from the depth) can change the rock 

properties significantly. On the other hand, these specific 
changes are often identified as distinctive and they can be 
interpreted as results of tectonic processes. Here we present 
some examples from Central Europe showing typical 
resistivity manifestation of active faulting (Fig 1.). This paper 
aims to declare that ERT method is one of the most useful 
geophysical methods in active tectonic research. 
 
SURVEY SCALE 
 
It is necessary to distinguish different scales and spatial 
resolutions of fault surveys. Basically, we can distinguish 
between (i) large scale (both planar and to the depth) 
surveying of the main fault structures and (ii) detailed 
investigations of the near-surface manifestations of the 
faults (e.g. for paleoseismological analysis).  
 
In the first case, we are not focused on details but on main 
structural or lithological units separated or intersected by 
the fault line. The geophysical survey is thus not such 
detailed but it is usually covering quite large areas in order 
to depict wider zones along the fault. Frequently, fault 
zones consist of several parallel structures and their widths 
can reach hundreds of meters. Using ERT imaging, the total 
length of the measured profile is crucial for the depth 
range of the measurement. In order to image down to 
depths of several tens or hundreds of meters, the total 
lengths of the profiles will need to be in the order of 
hundreds of meters or even a few kilometres. The final 
resistivity image then represents the general structure of 
the investigated area with the possibility of tracking the 
fault to relatively great depths. Such surveys might be very 
important for understanding the general geological 
situation in context of regional seismicity and stress field. 
Usually, such surveys are combined with seismic reflection 
surveying. However, the seismic survey is, despite the 
indisputable ability to describe elastic properties of the 
rocks, very demanding in terms of time, equipment, 



8TH INTERNATIONAL PATA DAYS 2017                           PROGRAMME389

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
 

Electrical resistivity imaging of active faulting - examples from Central Europe  
 

Tábořík, Petr (1,2), Štěpančíková, Petra (1), Stemberk, Jakub (1,2) and Hartvich, Filip (1,2) 
 

(1)    Institute of Rock Structure and Mechanics, Czech Academy of Sciences, V Holešovičkách 41, 18209, Prague 8, Czech Republic, Email: 
petr.taborik@post.cz 
(2)    Faculty of Science, Charles University, in Prague, Albertov 6, Prague 2, 12843, Czech Republic 
 
 
Abstract: Different rock properties cause various specific resistivities of rocks. The ability to distinguish between different rock 
types depends on lithology, intensity of chemical and frost weathering, or mechanical disruptions caused by gravitational slope 
movements and tectonic processes. Water content and water mineralization are factors with very variable effects on resistivity. 
The final resistivity model represents a complex value describing the combined effect of all above-mentioned factors. Due to its 
versatility and relatively easy data processing, electrical resistivity measurements (ERT) can be seen as the leading geophysical 
method for identifying tectonic features. The method can be used for both (i) large scale surveying of the main fault structures 
and (ii) detailed investigation of the near-surface manifestations of the fault. Here we present some examples from Central 
Europe that exhibit typical resistivity images of active faulting. 
 
Key words: active tectonics, depth fault tracking, shallow trenching, electrical resistivity tomography, Central Europe  
 
 
INTRODUCTION 
 
Resistivity measurements (electrical resistivity 
tomography – ERT; electrical resistivity imaging - ERI) have 
become a very effective tool of imaging of the subsurface 
in the last decades. A fast development of measurement 
devices and data processing makes geophysical 
measurements available for many different geoscience 
applications, including surveys of tectonic features such as 
faults and their subsurface manifestations. The use of 
geophysical methods in fault investigation is not a new 
application (Berge 2014, Nguyen et al. 2005, Suzuki et al. 
2000). Several inversion algorithms can now easily be used 
for data processing and interpretation, e.g. Res2Dinv 
(Loke, 1997), BERT (Günther et al. 2006), among others. 
 
Different rock properties (namely mineral composition and 
structure) cause various specific values of resistivity. 
However, it is not only the geochemical properties of rock 
that influence the resistivity. Intensive chemical weathering 
processes can change the specific values of resistivity by 
several orders. This means that a weathered rock can be 
represented by completely different values compared with 
intact rock. Furthermore, mechanical disruption, such as 
fracturing by frost weathering, gravitational slope 
movements, or tectonics, can lead to significant changes in 
rock properties and, thus, in specific rock resistivity. Last but 
not least another factor affecting the resistivity of the 
subsurface is water content and water mineralisation. It is 
obvious that each measurement point represents a complex 
value describing (besides the mineral composition of the 
rock) a combined effect of all factors mentioned above. The 
final resistivity image is thus very complex and it bears 
information on rock type, its mechanical disruption and 
chemical alteration as well as on water content in 
subsurface. The effect of tectonics and related processes 
(weathering, mechanical disruption or penetration of 
ground water from the depth) can change the rock 

properties significantly. On the other hand, these specific 
changes are often identified as distinctive and they can be 
interpreted as results of tectonic processes. Here we present 
some examples from Central Europe showing typical 
resistivity manifestation of active faulting (Fig 1.). This paper 
aims to declare that ERT method is one of the most useful 
geophysical methods in active tectonic research. 
 
SURVEY SCALE 
 
It is necessary to distinguish different scales and spatial 
resolutions of fault surveys. Basically, we can distinguish 
between (i) large scale (both planar and to the depth) 
surveying of the main fault structures and (ii) detailed 
investigations of the near-surface manifestations of the 
faults (e.g. for paleoseismological analysis).  
 
In the first case, we are not focused on details but on main 
structural or lithological units separated or intersected by 
the fault line. The geophysical survey is thus not such 
detailed but it is usually covering quite large areas in order 
to depict wider zones along the fault. Frequently, fault 
zones consist of several parallel structures and their widths 
can reach hundreds of meters. Using ERT imaging, the total 
length of the measured profile is crucial for the depth 
range of the measurement. In order to image down to 
depths of several tens or hundreds of meters, the total 
lengths of the profiles will need to be in the order of 
hundreds of meters or even a few kilometres. The final 
resistivity image then represents the general structure of 
the investigated area with the possibility of tracking the 
fault to relatively great depths. Such surveys might be very 
important for understanding the general geological 
situation in context of regional seismicity and stress field. 
Usually, such surveys are combined with seismic reflection 
surveying. However, the seismic survey is, despite the 
indisputable ability to describe elastic properties of the 
rocks, very demanding in terms of time, equipment, 
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Figure 1: Studied sites fault zones (red line): MLF – Mariánské-Lázně fault; SMF – Sudetic Marginal fault; HF – Holešov fault. Map source: GoogleEarth. 
 
post-processing, and costs. ERT, on the contrary, is a fast 
method that can deliver satisfactory results. It cannot 
substitute the seismic survey fully; however, it can be used 
for a “cheap” pioneer survey or as a complementary 
measurement for seismics. 
 
The ERT method can be also used for investigating the 
near-surface structure of faults. The method is broadly 
exploited in paleoseismological research and often 
combined with paleoseismological trenching (Berge, 
2014). Typically, the ERT survey is used in several research 
stages: (i) pre-trenching phase (searching for the exact 
location of the fault); (ii) trenching phase (in order to track 
particular structures in the close vicinity of the trenches), 
and (iii) extensive (often in 3-D) survey of the wider fault 
zone in order to place the known situation from the 
trenching to the wider context of local geology (with 
possible interpretation of fault kinematics). Compared 
with large scale measurements, such surveys are very 
detailed not only in terms of the measurements, but it also 
demands a different “scale of interpretation”. 
 
Considering different scales of surveying, the above-
mentioned factors, influencing the final resistivity picture, 
can play quite different roles. Geochemical composition 
(lithology) will play a significant role in both cases; however, 
the chemical weathering will play significant role in shallow 
subsurface rather than in the depth of several hundreds of 
metres. Also, fracturing due to mechanical weathering or 
thin disruptions such as crevices will not play a significant 
role in greater depth. We have to consider the decrease of 
spatial resolution with depth, which is an inherent property 
of the method given by the geometry of the measurement 
(Loke, 1997). With lower resolution we will not be able to 
detect small subsurface structures. The effect of water 
saturation can be also different in various depth levels. In 

shallow prospection, measurements are often confined to 
the regions above the groundwater table and most of the 
water in the subsurface comes from precipitation. Deeper 
measurements will probably reach the saturated zone. Deep 
waters are often mineralized, which has a significant effect 
on the resistivity (mineral water rapidly decreases measured 
values). All of these aspects need to be considered during 
the interpretation of ERT measurements. 
 
CASE STUDIES 
 
The above-mentioned 3-stage geophysical survey was 
applied to all three sites discussed in the following. We 
started with deep surveys in order to track the faults on 
a regional scale. Then we conducted more detailed 
investigation of the trench sites, and finally we employed 
the very detailed verification of the structures known 
from trenches. 
 
The first trenching site Kopanina is situated in the 
westernmost part of the Czech Republic in the western 
part of the Bohemian Massif. Here, the Cenozoic Cheb 
Basin is controlled by the NW-trending Mariánské Lázně 
Fault (MLF) in the NE, which is a part of the Cheb-
Domažlice Graben on its intersection with the NE-trending 
Eger Rift. The area belongs to the Nový Kostel zone, which 
is famous for the earthquake swarms and CO2 emanations. 
The area represents one of the seismically most active 
zones in Central Europe. 
 
The trenching survey revealed the eastern limit of the Cheb 
Basin infill (Oligocene to Holocene) and also repeated 
movements of the Mariánské-Lázně Fault zone. The 
youngest documented faulting offsets the radiometrically 
well dated Holocene colluvium (Fischer et al. 2012, 
Štěpančíková et al. 2015). 
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ERT (Fig. 2) was performed at two different scales. The 
shallow detailed survey up to several tens of meters 
depth was realized in order (i) to locate the exact position 
of the MLF for trenching, (ii) to extend information on 
fault properties (gained directly from the trench walls) 
laterally and to the depth, and (iii) to trace the faults as 
well as displaced sedimentary bodies. The deep survey 
focused on the subsurface image of the MLF fault zone at 
greater depths. Shallow ERT was combined with other 
geophysical methods: (i) high-frequency ground 
penetrating radar (GPR) with a shielded 250 MHz 
antenna, and (ii) dipole electromagnetic profiling (DEMP) 
measuring the conductivity of the subsurface (so called 
conductometry). Together, the geophysical methods 
revealed the spatial distribution of the well-pronounced 
sedimentary body, which is sheared by the fault. The 
results confirmed three main zones: (i) fine-grained 
sediments of the Vildstein formation of the Cheb basin 
(lower resistivity values, low intensity of GPR reflections), 
(ii) a coarse heterogeneous sedimentary body with 
scattered concretions (higher resistivity values), and (iii) 
intensively argillaceously weathered crystalline rocks 
(mica-schists) (very low resistivity values, practically no 
reflections due to strong signal dispersion). Moreover, 
the spatial distribution of the coarse sedimentary body 
suggested right-lateral displacement along the fault line 
known from the trench most probably due to disruption 
of the sedimentary body by active faulting (Štěpančíková 
et al. 2016, Tábořík et al. in prep.).  
 
Deep geophysical survey to the depth of 200 m followed 
the MLF zone to the depth. The ERT measurement was also 
supplemented with seismic tomography and a gravity 
survey. In contrast to detailed ERT measurements with 
high resolution (1 m electrode spacing), very long ERT (with 
length of 1 km and electrode separation of 10 m) was 
performed. The deep ERT survey confirmed a steeply 
inclined low resistivity fault zone. The results and 
methodological aspects of combined geophysical 
measurements, including the importance of integrated 
interpretation of different geophysical results, are 
reported in detail by Blecha et al. (in review).  
 
The Bílá Voda site is situated in the north-eastern part of the 
Bohemian Massif. The morphologically well-pronounced 
NW-trending Sudetic Marginal Fault (SMF), controlling the 
mountain front of the Sudeten Mts, was investigated. 
Besides other geophysical techniques which were used at 
the Bílá Voda site within a complex geophysical survey, the 
ERT served as a main method of geophysical investigation. 
ERT was used also within several stages of research: (i) pre-
trenching geophysical searching for the exact fault location; 
(ii) detailed geophysical investigation alongside the 
trenching phase (to trace particular structures in the 
trenches vicinity), and (iii) extensive 3-D surveying of the 
wider area in order to distinguish high-conductive Miocene 
clayey sediments from the offset alluvial fan displayed as 
high resistivity body. 

 
Due to distinct lithology differences and related varying 
physical rock properties on both sides of the fault, a strong 
horizontal gradient in electric resistivity clearly showed the 
fault position and allowed us to identify more resistive 
crystalline bedrock juxtaposed against conductive Miocene 
clayey sands covered by a veneer of the alluvial fan 
deposits. ERT also revealed the limits of the alluvial fan 
deposits. It helped in the interpretation of the paleoseismic 
survey such as sense of the movements. The results, 
together with interpretations of paleoseismological 
trenching, were summarized in published papers 
(Štěpančíková et al. 2011, 2016), and will be summarized 
by Tábořík et al. (in prep.). 
 
The third site, Brodek, is located in the Upper Morava 
Basin, a region that was tectonically active in the Late 
Cenozoic, located at the contact of Bohemian Massif and 
the Western Carpathians. The studied site is situated on 
the NW-trending Holešov Fault (HF), which controls the 
south-eastern basin margin. It offsets Lower Badenian 
marine sediments (Middle Miocene) and Plio-Quaternary 
fluvio-lacustrine sediments (in the NW) against the 
allochtonous flysch of the Outer Western Carpathians and 
the underlying Karpatian sediments (Lower Miocene) of 
the Carpathian Foredeep (to the SW) (Špaček et al. 2015). 
Similarly to the previous two sites, ERT was used as the 
leading method within the integrated geophysical survey 
(consisting of ERT, DEMP and GPR) in a multi-stage 
measurement. Geophysical measurements allowed us to 
clearly distinguish between two different sedimentary 
units and, thus, indicated the position of the studied fault. 
Based on the ERT results, the most suitable site for 
trenching was selected. Detailed resistivity sections were 
then compared to trenching logs and interpreted together 
with the GPR and DEMP results.  
 
DISCUSSION 
Electrical resistivity measurements (ERT) confirmed their 
ability to serve as the leading method of geophysical 
surveying. Due to its versatility and relatively easy data 
processing, the ERT method can be applied successfully in 
most of the sites in order to identify tectonic features and 
their areal extent, as well as their depth continuation (up 
to several hundreds of meters). The method can be used 
for both (i) large scale surveying of the main fault 
structures (e.g. Blecha et al., under review) and(ii) detailed 
investigation of the near-surface manifesta-tions of the 
fault (e.g. Fischer et al. 2012). However, the correct 
interpretation of the ERT results can be complicated by 
several aspects, such as weathering intensity, mechanical 
disruption of the rock or water content and water 
mineralization. These factors needs to be always 
considered, however, different factors or their 
combination will be prevailing in detailed shallow survey, 
and different prevails within a deep large scale 
investigation of the whole fault zones. 
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ERT (Fig. 2) was performed at two different scales. The 
shallow detailed survey up to several tens of meters 
depth was realized in order (i) to locate the exact position 
of the MLF for trenching, (ii) to extend information on 
fault properties (gained directly from the trench walls) 
laterally and to the depth, and (iii) to trace the faults as 
well as displaced sedimentary bodies. The deep survey 
focused on the subsurface image of the MLF fault zone at 
greater depths. Shallow ERT was combined with other 
geophysical methods: (i) high-frequency ground 
penetrating radar (GPR) with a shielded 250 MHz 
antenna, and (ii) dipole electromagnetic profiling (DEMP) 
measuring the conductivity of the subsurface (so called 
conductometry). Together, the geophysical methods 
revealed the spatial distribution of the well-pronounced 
sedimentary body, which is sheared by the fault. The 
results confirmed three main zones: (i) fine-grained 
sediments of the Vildstein formation of the Cheb basin 
(lower resistivity values, low intensity of GPR reflections), 
(ii) a coarse heterogeneous sedimentary body with 
scattered concretions (higher resistivity values), and (iii) 
intensively argillaceously weathered crystalline rocks 
(mica-schists) (very low resistivity values, practically no 
reflections due to strong signal dispersion). Moreover, 
the spatial distribution of the coarse sedimentary body 
suggested right-lateral displacement along the fault line 
known from the trench most probably due to disruption 
of the sedimentary body by active faulting (Štěpančíková 
et al. 2016, Tábořík et al. in prep.).  
 
Deep geophysical survey to the depth of 200 m followed 
the MLF zone to the depth. The ERT measurement was also 
supplemented with seismic tomography and a gravity 
survey. In contrast to detailed ERT measurements with 
high resolution (1 m electrode spacing), very long ERT (with 
length of 1 km and electrode separation of 10 m) was 
performed. The deep ERT survey confirmed a steeply 
inclined low resistivity fault zone. The results and 
methodological aspects of combined geophysical 
measurements, including the importance of integrated 
interpretation of different geophysical results, are 
reported in detail by Blecha et al. (in review).  
 
The Bílá Voda site is situated in the north-eastern part of the 
Bohemian Massif. The morphologically well-pronounced 
NW-trending Sudetic Marginal Fault (SMF), controlling the 
mountain front of the Sudeten Mts, was investigated. 
Besides other geophysical techniques which were used at 
the Bílá Voda site within a complex geophysical survey, the 
ERT served as a main method of geophysical investigation. 
ERT was used also within several stages of research: (i) pre-
trenching geophysical searching for the exact fault location; 
(ii) detailed geophysical investigation alongside the 
trenching phase (to trace particular structures in the 
trenches vicinity), and (iii) extensive 3-D surveying of the 
wider area in order to distinguish high-conductive Miocene 
clayey sediments from the offset alluvial fan displayed as 
high resistivity body. 

 
Due to distinct lithology differences and related varying 
physical rock properties on both sides of the fault, a strong 
horizontal gradient in electric resistivity clearly showed the 
fault position and allowed us to identify more resistive 
crystalline bedrock juxtaposed against conductive Miocene 
clayey sands covered by a veneer of the alluvial fan 
deposits. ERT also revealed the limits of the alluvial fan 
deposits. It helped in the interpretation of the paleoseismic 
survey such as sense of the movements. The results, 
together with interpretations of paleoseismological 
trenching, were summarized in published papers 
(Štěpančíková et al. 2011, 2016), and will be summarized 
by Tábořík et al. (in prep.). 
 
The third site, Brodek, is located in the Upper Morava 
Basin, a region that was tectonically active in the Late 
Cenozoic, located at the contact of Bohemian Massif and 
the Western Carpathians. The studied site is situated on 
the NW-trending Holešov Fault (HF), which controls the 
south-eastern basin margin. It offsets Lower Badenian 
marine sediments (Middle Miocene) and Plio-Quaternary 
fluvio-lacustrine sediments (in the NW) against the 
allochtonous flysch of the Outer Western Carpathians and 
the underlying Karpatian sediments (Lower Miocene) of 
the Carpathian Foredeep (to the SW) (Špaček et al. 2015). 
Similarly to the previous two sites, ERT was used as the 
leading method within the integrated geophysical survey 
(consisting of ERT, DEMP and GPR) in a multi-stage 
measurement. Geophysical measurements allowed us to 
clearly distinguish between two different sedimentary 
units and, thus, indicated the position of the studied fault. 
Based on the ERT results, the most suitable site for 
trenching was selected. Detailed resistivity sections were 
then compared to trenching logs and interpreted together 
with the GPR and DEMP results.  
 
DISCUSSION 
Electrical resistivity measurements (ERT) confirmed their 
ability to serve as the leading method of geophysical 
surveying. Due to its versatility and relatively easy data 
processing, the ERT method can be applied successfully in 
most of the sites in order to identify tectonic features and 
their areal extent, as well as their depth continuation (up 
to several hundreds of meters). The method can be used 
for both (i) large scale surveying of the main fault 
structures (e.g. Blecha et al., under review) and(ii) detailed 
investigation of the near-surface manifesta-tions of the 
fault (e.g. Fischer et al. 2012). However, the correct 
interpretation of the ERT results can be complicated by 
several aspects, such as weathering intensity, mechanical 
disruption of the rock or water content and water 
mineralization. These factors needs to be always 
considered, however, different factors or their 
combination will be prevailing in detailed shallow survey, 
and different prevails within a deep large scale 
investigation of the whole fault zones. 
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Figure 2: Example of the multi-stage resistivity survey: (A) detailed investigation of the Kopanina trench site (with trench log), (B) deep resistivity survey 
of the MLF (modified after Fischer et al. 2012 and Blecha et al., under review). 
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Abstract: The “Amorgos Basin” is located in the South Aegean Sea, Greece. Seismic and swath bathymetry data provide 
information on the kinematics and the deformation which led to its present structure. The “Amorgos Basin” is a group of NE-SW 
trending, asymmetric sub-basins. Their sedimentary infill displays very similar seismic character, with well-defined 
unconformities indicating major tectonic events. Tectonic asymmetry has led to enhanced subsidence in the hangingwall and 
basin inversion in the footwall of the basin bounding faults. The fault network and the style of deformation suggest oblique 
rifting in NE-SW direction, accommodated by NE-SW trending, strike-slip to oblique faults and E-W trending normal fault 
overstep. The "Amorgos Basin" constitutes a dextral, oblique to horizontal shear zone, the Amorgos Shear Zone. The normal-
faulting focal mechanism proposed for the M:7.8 earthquake of July 1956 southwest of Amorgos Island is not compatible with 
the kinematic regime of the Amorgos Shear Zone. 
 
Key words: Amorgos Shear Zone, dextral oblique rifting, transtension, basin inversion 
 
 
INTRODUCTION 
 
The Aegean Sea, in the NE Mediterranean Sea, displays 
active, complex deformation resulting from the interaction 
of the NNE-dipping subduction of the East Mediterranean 
slab along the Hellenic Arc in the south with the westward 
extrusion of the Anatolia crustal block along the dextral 
North Anatolian Fault in the north. The latter, along with the 
Kephallonia Fault in the Ionian coast, clearly delineate the 
northern boundary of the Aegean extensional domain, while 
the sinistral fault-zones along the Strabo-Pliny trench system 
in the eastern part of the Hellenic Arc, clearly define the 
southeastern boundary of the Aegean microplate. Dextral, 
NE-SW trending, strike-slip faulting dominates in the 
northern part of the Aegean Sea. According to the GPS data, 
the central and western part of the South Aegean Sea 
behaves more or less as a rigid body and moves fast towards 
SSW while the Southeastern Aegean moves moderately fast 
towards SSE, away from the rigid South Aegean (Kahle et al, 
1999; McClusky et al. 2000; Kiratzi & Louvari, 2003; Kreemer 
& Chamot-Rooke, 2004, and references therein). 
 
The so-called "Amorgos Basin" is located in the Southeast 
Aegean Sea. The largest earthquake in the last century in the 
Aegean Sea occurred in July 1956 southwest of Amorgos 
Island with magnitude M:7.8. The proposed focal mechanisms 
vary between dextral strike slip and dip-slip movement on a 
NE-SW trending, SE dipping fault (Okal et al, 2009 and 
references therein). Previous marine research campaigns in 
the area of the South Aegean Sea (Mascle & Martin, 1990; 
Piper & Perissoratis, 2003; Piper et al., 2007) have highlighted 
the significant role of NE-SW trending, strike-slip to oblique-
slip fault zones, indicating that a significant part of the 
extension in the South Aegean Sea is due to transtension. 
 
Here we present new swath bathymetry and seismic 
profiling data acquired recently in the area of the "Amorgos 

basin" and we show that the geological structure, the fault 
network and kinematics deviate largely from the "pure 
extension" model. We introduce the term "Amorgos Shear 
Zone" to highlight the actual structure of a complicate 
oblique rifting, evolved during Plio-Quaternary as a NE-SW 
trending dextral-oblique fault-zone. 
 
MATERIALS AND METHODS 
 
This work is based on the: (i) processing and analysis of 
roughly 5,000 km2 of swath bathymetry data between 
Santorini, Amorgos, Kalymnos, Astypalea and Anafi Islands 
and the (ii) processing and interpretation of >700 km of 
seismic profiles (Fig. 1). Both data sets have been obtained 
during three cruises on board HCMR's R/V Aegaeo in 2006 
(THERA-2006), 2016 (EUROFLEETS2 LGT-AMORGOS-56) 
and 2017 (SE AEGEAN GEODYNAMICS), funded by NSF, 
Eurofleets2 and HCMR respectively. 
 
RESULTS 
 
Seafloor morphology 
The bathymetric data in combination with the 
interpretation of seismic profiles suggest that “Amorgos 
Basin” is in fact a series of mostly asymmetric basins 
separated by uplifted, shallow ridges. Specifically, the 
bathymetry indicates a group of well-developed, NE-SW 
trending, “Lazy-S-shaped” basins, named from northeast 
to southwest as Kinairos (KB, 600m), Amorgos North (ANB, 
750m), Astypalea (AsB, 600m), Amorgos South (ASN, 
700m) and Anafi (AnB, 600m) Basins. Astypalea Ridge (AsR) 
separates Kinairos and Amorgos North Basins, from 
Astypalea Basin. Further on, Anhydros Ridge (AdR), splits 
towards NE into two branches: the northern one separates 
Anydhros Basin (AdB) from ANB, while the southern one 
separates ANB from ASB. Steep, fault-controlled slopes 
define the northern margins of the basins mainly. 
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North Anatolian Fault in the north. The latter, along with the 
Kephallonia Fault in the Ionian coast, clearly delineate the 
northern boundary of the Aegean extensional domain, while 
the sinistral fault-zones along the Strabo-Pliny trench system 
in the eastern part of the Hellenic Arc, clearly define the 
southeastern boundary of the Aegean microplate. Dextral, 
NE-SW trending, strike-slip faulting dominates in the 
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interpretation of seismic profiles suggest that “Amorgos 
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bathymetry indicates a group of well-developed, NE-SW 
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Fig. 1: Swath bathymetry, location of seismic profiles and terminology of the morphological features discussed in this paper. Bathymetry of the 
surrounding areas is from EMODNET Bathymetry (www.emodnet.eu). Land topography SRTM90. Inset map: Main geotectonic elements of the 
Aegean, GPS vectors from Kreemer & Chamot-Rooke (2004). 
 
Seismic stratigraphy 
The interpretation of seismic profiles confirms the 
existence of more than one basins at the study area. The 
uplifted acoustic basement clearly defines the basins 
margins. The sedimentary infill of the basins displays 
similarities on the seismic character within the basins. Four 
clearly recognizable seismic units have been mapped 
within the sedimentary sequence. At least 3 major 
unconformities (U1, U2, U3) showing onlap relationship 
between the strata above and below, mark the interfaces 
between Units 1, 2, 3 and 4. They are well illustrated in Fig. 
2 within Amorgos South and Amorgos North Basins, 
indicating that major tectonic events affect the entire area 
and lead to an episodic opening of the basins. Minor 
unconformities are also recognizable within the stratified 
basin’s infill, by the onlap and/or downlap termination of 
the seismic layers on the acoustic basement or the 
underlying strata. 
 
Several units characterized by low amplitude, 
discontinuous reflectors and slightly chaotic facies can be 
interpreted as mass transport deposits (MTDs). A thick 
MTD1 within Unit 2, with thickness exceeding 50 msec 
close to the basin’s margins, with chaotic, undulating 
reflectors occurs at comparable stratigraphic level within 
the Kinairos, Amorgos North, Amorgos South and 
Astypalea Basins, always above unconformity U2. 

 
The Astypalea Ridge and the south-eastern part of 
Anydhros Ridge are covered by tilted and uplifted 
sediments of the lowermost parts of the sedimentary 
sequence of the basins (Units 3 and 4), suggesting basin’s 
inversion (Fig. 2, 3, 4). Unit 1 displays constant thickness 
across the basins infill, indicating symmetric subsidence 
during the deposition of the younger strata. Units 2, 3 and 
4 show a maximum thickness close to the northern 
margins, suggesting rapid synsedimentary subsidence and 
tilting of the basins to the north. 
 
Fault network 
The steep margins of the basins are controlled by mainly 
NE-SW trending, SE dipping faults and WSW-ENE to WNW-
ESE trending, S-dipping, step-over faults (Fig. 5). Tectonic 
asymmetry across the basins results in enhanced 
subsidence in the hangingwall, close to the main, basin 
bounding faults and uplift and tilting in the footwall (Figs 2, 
3, 4). Maximum thickness of the basin's infill is observed 
close to the main faults. Uplift and tilting of the faults' 
footwalls leads to basin inversion, with the lower units of 
the basins infill and their substrate being uplifted and 
forming shallow ridges (e.g. Astypalea Ridge, Anydhros 
Ridge). Pop-up structures observed in the basins and on 
the ridges indicate significant deformation due to 
horizontal shearing.  
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Fig. 2: Seismic profile across Amorgos North, Amorgos South and western part of Astypalea Basins. See Fig. 1 for location. 
 

 
Fig. 3: Seismic profile across Kinairos and Astypalea Basins. See Fig. 1 for location. 
 

 
Fig. 4: Seismic profile across Amorgos South and Anafi Basins. See Fig. 1 for location. 
 
CONCLUSIONS - DISCUSSION 
 
The “Amorgos Basin” initiated probably in Early Pliocene 
as a single basin and evolved into a significantly more 
complex morphological and tectonic structure with at 
least six tectonically controlled, asymmetric basins 
separated by two uplifted and tilted narrow ridges. The 
basins are Lazy-S- to rhomb- or spindle-shaped, fault 
bounded depressions displaying very similar seismic 
stratigraphy with at least three major and several minor 
unconformities. The spatial distribution and shape of the 
uplifted and subsided areas, the basin inversion with 
uplifted and tilted older sediments occurring on the top 
of the shallow ridges, the enhanced subsidence and the 
multiple unconformities within the basins, the fault 
network with NE-SW main faults and W-E transfer zones 
and the transtensional structures observed strongly 

suggest that the initial "Amorgos Basin" has evolved in 
Late Pliocene to Quaternary into the "Amorgos Shear 
Zone" with significant dextral horizontal to trantensional 
deformation (Fig. 5). The fault network and the style of 
deformation suggest dextral oblique rifting (Withjack & 
Jamison, 1986) in NE-SW direction. The relative 
displacement between the opposite sites of the shear 
zone is directed N25o-30oE, parallel to the observed GPS 
vectors and roughly 30o oblique to the N50o-55oE rift axis. 
The oblique rifting is accommodated by NE-SW, dextral 
strike-slip to oblique faults and E-W normal fault 
oversteps. This kinematic regime questions the pure 
normal-faulting mechanism proposed for the M:7.8 July 
1956 "Amorgos earthquake" and supports earlier 
interpretations by Papazachos & Delibassis (1969) and 
Ritsema (1974) suggesting strike slip motion in NE-SW 
direction. 
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Fig. 5: Fault network in the Amorgos Shear Zone. Large white half-arrows are roughly parallel to the GPS vectors and show the sense of shearing. 
The inset drawing (modified after Withjack & Jamison, 1986) explains the kinematic of the oblique extension in the Amorgos Shear Zone. R: Rift 
trend; RD: Relative Displacement direction between opposite sites; Eh1: Direction of max. extensional strain; GPS: Mean trend of GPS vectors 
after Kreemer & Chamot-Rooke (2004). 
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Abstract: The western Southern Alps of New Zealand are shaped by high rates of relative motion across the Australian/Pacific 
plate boundary in conjunction with a dynamic climatic regime and consequent rapid rates of erosion. The result is a tightly linked 
and dynamic landscape of high relief, subject to rapid surface processes that is difficult to capture with traditional flux-based 
landscape models. To do so, we present a formulation, the Failure Earth Response Model (FERM), which unifies the description 
of tectonic and geomorphic forcings and responses within a single framework. We explicitly consider the contribution that fault 
damage and pore pressure fluctuations make toward failure of the rock mass. We use the Waikukupa River area of the Alpine 
Fault, Westland and surrounding topography as an example. Constrained by field observations, these models allow us to predict 
where failure, and hence erosion, are likely to occur and under what conditions. 
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INTRODUCTION 
 
We showcase a new landscape evolution modelling 
framework, the Failure Earth Response Model (FERM) 
(Koons et al. 2013). It is based on two basic assumptions 
about the 3D stress state and material rheology at the 
Earth’s surface: (1) Both geomorphic (e.g., fluvial or glacial 
incision, landsliding) and tectonic (e.g., faulting) material 
displacement occur when local resistance is overcome by 
local forces, and (2) large displacements, whether tectonic 
or geomorphic in origin, alter Earth material properties 
resulting in a long term strain memory contained within 
the topography. The FERM framework provides a context 
in which we can gather stresses generated by far field 
tectonic processes, topography and surface processes into 
a single stress state for every point. 
 
We present the concept of FERM using a generic 
topography that potentially allows exploration of several 
individual components of landscape evolution including 
strain weakened fault rocks, glacial loading and unloading, 
and fluvial erosion. Here we consider the contribution that 
fault damage and pore pressure fluctuations make toward 
failure of the rock mass. We present a test case based on 
the Waikukupa River area of the Alpine Fault, Westland, 
New Zealand and surrounding topography 
 
MODELS AND METHODS 
 
We start with a generic model of a valley (Figure 1A). The 
model contains a series of slopes at angles of 27°, 64° and 
two at 39° left to right. The material modelled has an 
elasto-plastic rheology characterised by the properties of 
tensile strength (σt), cohesion (C) and friction angle (φ). 
Failure can occur in a tensile or shear environment and we 
consider both failure modes.  
 

The model of the Waikukupa region of the Alpine Fault is a 
2x2 km2 block of the upper crust with a resolution of 10 m 
and is centred on a point downstream of the SH6 bridge 
across the Waikukupa River (Figure 2A). The region 
encompasses the presently active Hare Mare thrust strand 
of the Alpine Fault and the abandoned Waikukupa thrust 
strand (Norris and Cooper 1995, Norris and Cooper 1997). 
Topography is imposed onto the model geometry with 
elevations in the model domain ranging from near sea-
level to 1200 m. The geology is taken from the mapping of 
Norris and Cooper (1995, 1997) and the friction (φ) angle 
used for the different geological units is shown in Figure 
2B. Cohesion (not shown) was estimated using the Hoek-
Brown (1980) criterion using field measurements of 
structural competence and base rock competence. 
 
The four rock units located within the model domain are 
mylonite, cataclasite, and fault gouge associated with the 
Alpine Fault, and Western Province greywacke and gravels 
(Figure 2B). The mylonite is the strongest unit with a 
massive to blocky structure hosting widely spaced 
fractures. Fracture surface conditions are very good to 
good, with predominantly fresh and unweathered 
surfaces. The cataclasite and gouge units are associated 
with localized seismogenic cataclasis along the Alpine 
Fault. These units are much weaker, having a much higher 
fracture density that increases with proximity to the 
primary slip surface. Fracture surface quality decreases 
with proximity to the primary slip surface, and fractures 
are largely wet, slicken-sided, and coated with clay. The 
greywacke unit has a somewhat higher fracture density 
than the mylonite, producing a very blocky rock mass with 
rough, slightly weathered fracture surfaces. We ran two 
models, one dry and one wet. 
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used for the different geological units is shown in Figure 
2B. Cohesion (not shown) was estimated using the Hoek-
Brown (1980) criterion using field measurements of 
structural competence and base rock competence. 
 
The four rock units located within the model domain are 
mylonite, cataclasite, and fault gouge associated with the 
Alpine Fault, and Western Province greywacke and gravels 
(Figure 2B). The mylonite is the strongest unit with a 
massive to blocky structure hosting widely spaced 
fractures. Fracture surface conditions are very good to 
good, with predominantly fresh and unweathered 
surfaces. The cataclasite and gouge units are associated 
with localized seismogenic cataclasis along the Alpine 
Fault. These units are much weaker, having a much higher 
fracture density that increases with proximity to the 
primary slip surface. Fracture surface quality decreases 
with proximity to the primary slip surface, and fractures 
are largely wet, slicken-sided, and coated with clay. The 
greywacke unit has a somewhat higher fracture density 
than the mylonite, producing a very blocky rock mass with 
rough, slightly weathered fracture surfaces. We ran two 
models, one dry and one wet. 
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Figure 1: A: Model geometry used to explore slope failure where 
subjected to only topographic forces. A weak zone (φ = 15°) cuts 
across stronger material (φ = 35°). B: Location of shear failure 
throughout the model. Shear failure occurs along the weak zone 
and on the steepest slope. Blue = no failure, red = failure. C: 
Location of tensile failure throughout the model. Tensile failure 
occurs along the ridge, along the backslope behind where shear 
failure is occurring and next to where shear failure has removed 
material from the weak zone. Colour scale as for B. 
 

Erosion in the models occurs as a function of rock failure 
and by assuming a completely supply limited system 
(Koons et al. 2012). That is, we assume that as soon as 
material has been detached from the rock mass as a result 
of the failure of the rock mass, it is transported away from 
the system, as long as there is a downhill path available to 
it. The western Southern Alps experience one of the 
highest rainfalls on Earth, yearly rainfall at Waikukupa is 
estimated to be about 5 metres per year (NIWA 2004) and 
it is distributed throughout the year. Thus a supply-limited 
assumption is reasonable for the Waikukupa region. 
 
RESULTS OF GENERIC MODEL 
 
Taking only topographic stresses into account, shear failure 
occurs along the weak zone and on the steepest slope 
(Figure 1B). A small amount of shear failure also occurs at 
the base of the moderate slope, where the shear stresses 
are increased by the weight of the slope above pushing 
against the boundary at the base of the slope. Tensile 
failure occurs along the steeper of the two ridges. It also 
occurs adjacent to erosion of the weak zone at the 
shallower ridge. Here erosion of the weak zone creates 
extensional stresses in the stronger material due to the 
removal of buttressing material. 
 
RESULTS OF WAIKUKUPA MODEL 
 
We use the parameter C:Tau to measure how close a 
packet of rock is to failure. Where C:Tau > 1 the material is 
not at failure and where C:Tau ≤ 1 the material is at failure.  
In the dry Waikukupa model (Figure 2), shear failure is 
more common at the base of the slope and in the very 
weak material while tensile failure is more likely to occur 
near the ridge tops. The weight of the hillslopes are adding 
to the compressional stresses felt by the material at the 
base of the slopes, decreasing C:Tau by increasing the 
magnitude of the shear stresses (Figure 2C). Where the 
ridge tops are not being compressed, the shear stresses are 
lower and C:Tau is increased. They are instead subjected to 
extensional stresses making tensile failure more likely. 
 
Our model removes material that is consistently at failure 
and that has a downhill path for removal from the 
system. Most of the material removed from the dry 
model has failed in shear and is located either within the 
very weak gouge zone or at the base of the cataclasite 
zone. Much of the exposed cataclasite is close to failure 
but it is only at the base of the slope that the shear 
stresses are sufficient to bring it to failure. The pattern of 
erosion produced is one of gullies forming and slowly 
propagating upward (Figure 2D). 
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Figure 2: A: Model geometry and elevation contours. B: Rock types 
in the model and their friction angle – note heterogeneity of 
material strength. C: The proximity to failure (C:Tau) at the surface 
of the model. Where C:Tau > 1 the material is not at failure and 
where C:Tau ≤ 1 the material is at failure. D: Zoom into cataclasite 
slope showing gullies developing from the bottom of the slope 
upward. Erosion is also occurring along the Hare Mare creek strand 
of the Alpine Fault. 

Adding a pore pressure (λ = 0.6) to the models changes the 
pattern of failure (Figure 3). Within the exposed 
cataclasites, the pore pressure causes much of the exposed 
cataclasites to fail in tension. Around the edges of the 
eroding region, it also brings the material close to shear 
failure. This is probably due to two factors, the effective 
stresses lowering the stresses required for failure and also 
deformation around the edge of the eroding region as 
material is removed from the adjacent zones. The result is 
the cataclasites are weakened and large scale mass failure 
occurs rather than the gullying that occurs when the 
material is dry (Figure 3B). 
 
DISCUSSION AND CONCLUSIONS 
 
Erosion requires that a rock packet is detached from the 
Earth’s surface. Rock failure requires that local stresses 
overcome the strength of the rock. The stresses can have 
many sources, topographic, tectonic, fluvial or glacial. Here 
we are only considering topographic stresses. 
 
Steep slopes and weak materials both promote failure 
while shallow slopes and strong rheology inhibit failure. 
The position of the rock packet on the slope also affects its 
proximity to failure and likely failure mode. The base of a 
slope is more likely to fail in shear while higher up the 
slope, tensile failure is more common. 
 

 
Figure 3: Model with pore pressure included. A: The proximity to 
failure (C:Tau) at the surface of the model. More of the material at 
the base of the slope is failing in shear. B: Zoom into cataclasite 
slope showing that enhanced tensile failure caused by the pore 
fluid pressure means that much of the slope is at failure and has 
been eroded. 
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Pore pressure fluctuations impact both geodynamic and 
landscape processes (Terzaghi 1943). Increasing the pore 
pressure leads to widespread surface failure and erosion of 
the weaker material, particularly in the exposed cataclasite 
face. Unlike the dry case, where shear failure and hence 
erosion is concentrated at the base of the slope and 
propagates upward, in the wet example, tensile failure and 
associated erosion starts near the ridges and when 
combined with the shear failure at the base of the slope, 
allows the whole slope to fail and erode.  
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Abstract: Probabilistic seismic hazard assessments in Italy are mainly based on area source models, in which the seismicity is 
modelled on a number of seismotectonic zones, and the occurrence of earthquakes is assumed to be uniform. In our model, we 
used two categories of earthquake sources. The first involves active faults, and fault slip rates were used to quantify the seismic 
activity rate. The second one involves distributed seismicity, and a smoothed approach and a historical catalogue were used to 
evaluate seismic activity. Under the assumption that deformation is concentrated along faults, we combined the two earthquake 
sources and assumed that the smoothed seismic activity in the vicinity of an active fault gradually decreases by a fault-size driven 
factor. We think our model represents an advance for Italy in terms of input data and method in the field of the fault-based 
regional seismic hazard modelling. 
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INTRODUCTION 
 
We present the results of a new probabilistic seismic 
hazard (PSH) model for Italy that includes significant 
advances in the use of integrated active fault and 
seismological data. The use of active faults as an input for 
PSH analysis is a consolidated approach in many countries 
characterized by high strain rates and seismic releases, as 
shown by, for example, Field et al. (2015) in California and 
Stirling et al. (2012) in New Zealand. However, in recent 
years, active fault data have also been successfully 
integrated into PSH assessments in regions with moderate-
to-low strain rates, such as SE Spain (e.g., Garcia-
Mayordomo et al., 2007), France (e.g., Scotti et al., 2014), 
and central Italy (e.g., Peruzza et al., 2011). 
 
In Europe, a working group of the European Seismological 
Commission, named Fault2SHA, is discussing fault-based 
seismic hazard modelling 1 . The working group, born to 
motivate exchanges between field geologists, fault 
modellers and seismic hazard practitioners, organized in 
the last years workshops, conference sessions, special 
issues, and stimulated collaborations between 
researchers. The work we are presenting here is born 
within the activities of the Fault2SHA working group. 
 
Combining active faults with background sources is also 
one of the main issues in this type of approach. Although 
the methodology remains far from identifying a standard 
procedure, common approaches combine active faults and 
background sources by applying a threshold magnitude, 
generally between 5.5 and 7, above which seismicity is 
modelled as occurring on faults and below which seismicity 
is modelled via a smoothed approach (e.g., Akinci et al., 
2009), area sources (e.g. the so-called FSBG model in 
SHARE, Woessner et al., 2015) or a combination of the two  
(Field et al., 2015; Pace et al., 2006). 

1 https://sites.google.com/site/linkingfaultpsha/home 

Another important issue in the use of active faults in PSHA 
is given by the choice of the “correct” magnitude-
frequency distribution (MFD) to be assigned to the fault 
sources. Gutenberg-Richter (GR) and Characteristic 
earthquake models are commonly used and the choice 
sometimes depends on the knowledge of the fault and on 
the data availability. Often, the choice of the “appropriate” 
MFD for each fault source is a difficult task because 
palaeoseismological studies are scarce and it is often 
difficult to establish clear relationships between mapped 
faults and historical seismicity. In this work, we decided to 
explore the impact on the calculations of these two MFD, 
a characteristic Gaussian (CHG) model and a Truncated 
Gutenberg-Richter (TGR) model, in order to explore the 
epistemic uncertainties, and also to consider a Mixed 
model as a sort of an “expert judgment” model, useful for 
comparison analysis, in which we assigned one of the two 
MFDs to each fault source. However, this approach 
obviously does not solve the issue, and the choice of MFD, 
still remain an open question in the fault-based PSHA. 
 
However, we think that more efforts have to be directed 
towards using geological data (e.g. fault sources and 
paleoseismological information) in PSH models, in order to 
obtain more detailed patterns of ground motion, extend 
the observational time to capture the recurrence of large 
magnitude events, and to improve the reliability of seismic 
hazard assessments. 
 
METHOD 
 
Two earthquake-source inputs are considered in this work. 
The first one is a fault source input that is based on active 
faults and uses the geometries and slip rates of the known 
active faults to compute activity rates over a certain range 
of magnitude. The second is a classical smoothed approach 
that can take into account rates of expected earthquakes 
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from a minimum moment magnitude (Mw) of 4.5 but 
excludes earthquakes associated with known faults based 
on a modified earthquake catalogue. Note that our PSH 
model requires the combination of the two source inputs 
related to the locations of expected seismicity rates into a 
single model. Therefore, these two earthquake-source 
inputs are not independent but complementary, both in 
magnitude and frequency distribution, and together 
accounting for all seismicity in Italy. 
 
Fault source inputs are useful for seismic hazard studies, 
and we compiled a database for Italy via analysis and 
synthesis of neotectonic and seismotectonic data from 
approximately 90 published studies on 110 faults across 
Italy. Based on the compiled database, we explored in 
detail three main issues associated with defining a fault 
source input: the slip rate evaluation, the segmentation 
model and the expected seismicity rate calculation. 
 
Introducing distributed earthquakes into our PSH model is 
necessary because researchers have not been able to identify 
a causative source (i.e., a mapped fault) for important 
earthquakes in the historical catalogue. This lack of correlation 
between earthquakes and faults may be related to (i) 
interseismic strain accumulation in areas between major 
faults, (ii) earthquakes occurring on unknown or blind faults, 
(iii) earthquakes occurring on unmapped faults characterized 
by slip rates lower than the erosional processes, and/or (iv) the 
general lack of surface ruptures associated with faults 
generating Mw < 5.5 earthquakes. 
 
We used the historical catalogue of earthquakes (CPTI15; 
Rovida et al., 2016) to model the occurrence of moderate-
to-large (Mw ≥ 4.5) earthquakes. The catalogue consists of 
4,427 events and covers approximately the last one 
thousand years from 01/01/1005 to 28/12/2014. Before 
using the catalogue, we removed all events not considered 
as mainshock via a declustering filter (Gardner & Knopoff, 
1977), resulting in a complete catalogue composed of 
1,839 independent events. 
 
To combine the two source inputs, we introduced a 
distance-dependent linear weighting function, such that 
the contribution from the distributed sources linearly 
decreases from 1 to 0 with decreasing distance from the 
fault. The expected seismicity rates from the distributed 
sources input start at Mw = 4.5, which is lower than the 
minimum magnitude of the fault sources, and the 
weighting function acts only in the magnitude range 
overlapping the MFD of each fault. This weighting function 
is based on the assumption that faults tend to modify the 
surrounding deformation field. Our approach allows 
incompleteness in the fault database to be bypassed, 
which is advantageous because all fault databases should 
be considered incomplete. In our approach, the seismicity 
is modified only in the vicinity of mapped faults. The 
remaining areas are fully described by the distributed 
input. With this approach, we do not define areas with 
reliable fault information, and the locations of currently 
unknown faults can be easily included when they are 
discovered in the future. 

DISCUSSION 
 
To obtain PSH maps we assign the calculated seismicity 
rates to their pertinent geometries, i.e., individual 3D 
seismogenic sources for the fault input and point sources 
for the distributed input. All the computations are 
performed using the OpenQuake Engine (Global 
Earthquake Model, 2016) with a grid spacing of 0.05° in 
both latitude and longitude. We used this software 
because it is open source software developed recently by 
GEM with the purpose of providing seismic hazard and risk 
assessments. Moreover, it is widely recognized within the 
scientific community for its potential. The ground motion 
prediction equations (GMPE) of Akkar et al. (2013), Chiou 
et al., (2008), Faccioli et al., (2010) and Zhao et al., (2006) 
are used, as suggested by the SHARE European project 
(Woessner et al., 2015). In addition, we also used Bindi et 
al. (2014), a GMPEs calibrated using Italian data. We put 
together all GMPE in a logic tree with the same weight of 
0.2 for each branch. The distances used for each GMPE are 
the Joyner and Boore distance for Akkar 2013, Bindi 2014 
and Chiou 2008 and the closest rupture distance for 
Faccioli 2010 and Zaho 2006. 
 
To explore the epistemic uncertainty due to the 
distribution of activity rates over the range of magnitudes 
in the fault source input, we compared the seismic hazard 
levels obtained with the TGR and CHG fault source inputs 
using the TGR and CHG MFDs for all the fault sources. 
Although both models have the same amount of seismic 
moment release, the different MFDs generate clear 
differences. In fact, in the TGR model, all faults contribute 
significantly to the seismic hazard, whereas in the CHG 
model, only a few faults located in the central Apennines 
and Calabria contribute to the seismic hazard. This 
difference is due to the different shapes of the MFDs in 
the two models. The rates of earthquakes with 
magnitudes between 5.5 and approximately 6, which are 
likely the main contributors to these levels of seismic 
hazard, are generally higher in the TGR model than in the 
CHG model. At a 2% probability of exceedance in 50 
years, all fault sources in the CHG contribute to the 
seismic hazard, but the absolute values are still generally 
higher in the TGR model. 
 
The distributed input depicts a more uniform shape of the 
seismic hazard than the fault source inputs. A PGA lower 
value of 0.125 g at a 10% probability of exceedance in 50 
years and a lower value of 0.225 g at a 2% probability of 
exceedance in 50 years envelope a large part of 
peninsular Italy and Sicily. Two areas with higher seismic 
hazard levels are located in the central Apennines and 
North-East Sicily. 
 
The probabilistic seismic hazard maps produced from  our 
model show a hazard pattern similar to that of the 
current national maps at the national scale, but some 
significant differences in hazard are present at the 
regional-to-local scale. 
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Moreover, the relative contributions of fault source inputs 
and distributed source inputs have been identified in maps 
and profiles in three sectors of the study area. These 
profiles show that: the hazard is generally higher where 
faults have been used; and for high probabilities of 
exceedance the contribution of the distributed sources 
equals that of the fault input. 
 
Finally, a preferred model, called the Mixed model, was 
obtained by selecting the most appropriate MFD model 
for each fault. 
 
This new PSH model is not intended to replace, integrate 
or test the currently official national seismic hazard 
model for Italy. While some aspects remain to be 
implemented in our approach (e.g., the integration of 
reverse/thrust faults in the database, sensitivity tests for 
the distance-dependent linear weighting function 
parameters, sensitivity tests for possible different 
segmentation models, and fault source inputs that 
account for fault interaction), the proposed model 
represents an advance in terms of input data (quantity 
and quality) and methodology based on a decade of 
research in the field of fault-based approaches to 
regional seismic hazard modelling. 
 
 
REFERENCES 
 
Akinci, A., Galadini, F., Pantosti, D., Petersen, M., Malagnini, L., and 

Perkins, D., 2009. Effect of Time Dependence on Probabilistic 
Seismic-Hazard Maps and Deaggregation for the Central 
Apennines, Italy, B Seismol Soc Am, 99, 585-610. 

Akkar, S., Sandikkaya, M.A. , Bommer, J.J., 2013. Empirical Ground-
Motion Models for Point and Extended-Source Crustal 
Earthquake Scenarios in Europe and the Middle East, Bulletin of 
Earthquake Engineering, ISSN:1570-761X. 

Bindi, D., Massa, M., Luzi, L., Ameri, G., Pacor, F., Puglia, R., and 
Augliera, P., 2014. Pan-European ground-motion prediction 
equations for the average horizontal component of PGA, PGV, 
and 5%-damped PSA at spectral periods up to 3.0 s using the 
RESORCE dataset (vol 12, pg 391, 2014), B Earthq Eng, 12, 431-
448. 

Chiou, B. S. J. and Youngs, R. R., 2008. An NGA model for the 
average horizontal component of peak ground motion and 
response spectra, Earthq Spectra, 24, 173-215. 

Faccioli, E., Bianchini, A., and Villani, M.: New ground motion 
prediction equations for t > 1 s and their influence on seismic 
hazard assessment, In: Proceedings of the University of Tokyo 
symposium on long-period ground motion and urban disaster 
mitigation, 2010. 

Field, E. H., Biasi, G. P., Bird, P., Dawson, T. E., Felzer, K. R., Jackson, 
D. D., Johnson, K. M., Jordan, T. H., Madden, C., Michael, A. J., 
Milner, K. R., Page, M. T., Parsons, T., Powers, P. M., Shaw, B. 
E., Thatcher, W. R., Weldon, R. J., and Zeng, Y. H., 2015. Long-
Term Time-Dependent Probabilities for the Third Uniform 
California Earthquake Rupture Forecast (UCERF3), B Seismol 
Soc Am, 105, 511-543. 

Garcia-Mayordomo, J., Gaspar-Escribano, J. M., and Benito, B., 
2007. Seismic hazard assessment of the Province of Murcia (SE 
Spain): analysis of source contribution to hazard, J Seismol, 11, 
453-471. 

Gardner, J. K., Knopoff, L., 1974. Is the sequence of earthquakes in 
Southern California, with aftershocks removed, Poissonian?'. 
Bulletin of the Seismological Society of America, 64, 1363-1367. 

GEM: The OpenQuake-engine User Manual. Global Earthquake 
Model (GEM) Technical Report, doi: 
10.13117/GEM.OPENQUAKE.MAN.ENGINE.1.9/01, 189 pages, 
2016. 

Pace, B., Peruzza, L., Lavecchia, G., and Boncio, P., 2006. Layered 
seismogenic source model and probabilistic seismic-hazard 
analyses in central Italy, B Seismol Soc Am, 96, 107-132. 

Peruzza, L., Pace, B., and Visini, F.: Fault-Based Earthquake 
Rupture Forecast in Central Italy: Remarks after the L'Aquila M-
w 6.3 Event, B Seismol Soc Am, 101, 404-412, 2011. 

Rovida, A., Locati, M., Camassi, R., Lolli, B., and Gasperini P., 2016. 
CPTI15, the 2015 version of the Parametric Catalogue of Italian 
Earthquakes. Istituto Nazionale di Geofisica e Vulcanologia. 
doi:http://doi.org/10.6092/INGV.IT-CPTI15. 

Scotti, O., Clement, C., and Baumont, D., 2014. Seismic hazard for 
design and verification of nuclear installations in France: 
regulatory context, debated issues and ongoing developments, 
B Geofis Teor Appl, 55, 135-148. 

Stirling, M., McVerry, G., Gerstenberger, M., Litchfield, N., Van 
Dissen, R., Berryman, K., Barnes, P., Wallace, L., Villamor, P., 
Langridge, R., Lamarche, G., Nodder, S., Reyners, M., Bradley, 
B., Rhoades, D., Smith, W., Nicol, A., Pettinga, J., Clark, K., and 
Jacobs, K., 2012. National Seismic Hazard Model for New 
Zealand: 2010 Update, B Seismol Soc Am, 102, 1514-1542. 

Woessner, J., Laurentiu, D., Giardini, D., Crowley, H., Cotton, F., 
Grunthal, G., Valensise, G., Arvidsson, R., Basili, R., Demircioglu, 
M. B., Hiemer, S., Meletti, C., Musson, R. W., Rovida, A. N., 
Sesetyan, K., Stucchi, M., and Consortium, S., 2015. The 2013 
European Seismic Hazard Model: key components and results, 
B Earthq Eng, 13, 3553-3596. 

Zhao, J. X., Zhang, J., Asano, A., Ohno, Y., Oouchi, T., Takahashi, T., 
Ogawa, H., Irikura, K., Thio, H. K., Somerville, P. G., Fukushima, 
Y., and Fukushima, Y.: Attenuation relations of strong ground 
motion in Japan using site classification based on predominant 
period, B Seismol Soc Am, 96, 898-913, 2006. 

 
 
 
 

 



8TH INTERNATIONAL PATA DAYS 2017                           PROGRAMME403

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

Moreover, the relative contributions of fault source inputs 
and distributed source inputs have been identified in maps 
and profiles in three sectors of the study area. These 
profiles show that: the hazard is generally higher where 
faults have been used; and for high probabilities of 
exceedance the contribution of the distributed sources 
equals that of the fault input. 
 
Finally, a preferred model, called the Mixed model, was 
obtained by selecting the most appropriate MFD model 
for each fault. 
 
This new PSH model is not intended to replace, integrate 
or test the currently official national seismic hazard 
model for Italy. While some aspects remain to be 
implemented in our approach (e.g., the integration of 
reverse/thrust faults in the database, sensitivity tests for 
the distance-dependent linear weighting function 
parameters, sensitivity tests for possible different 
segmentation models, and fault source inputs that 
account for fault interaction), the proposed model 
represents an advance in terms of input data (quantity 
and quality) and methodology based on a decade of 
research in the field of fault-based approaches to 
regional seismic hazard modelling. 
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Abstract: In contrast to other gravity flows, slurries (highly fluid mixtures of water and finely divided material) do not easily 
originate in nature by processes other than seismic shocks. They can therefore be considered as good evidence for seismic 
activity, which may help to recognize palaeoseismicity in the geological record. This requires, however, the recognition of 
sediments deposited by slurry flows. The often extreme and chaotic soft-sediment deformation structures (commonly much more 
chaotic than in seismites) are a good indicator, both in the field and in boreholes. Good examples gave been found in the Late 
Triassic Yanchang Formation in the Ordos Basin (central China). Characteristic are the numerous remnants of deformed layers, 
commonly resembling parts of load casts or even pseudonodules, that show, no orientation that might be expected on the basis 
of post-depositional loading. 
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INTRODUCTION 
 
Fine-grained sediments can, be transported and deposited 
in turbulent environments, which is in contrast with the 
traditional view that mud can be deposited only by settling 
from suspension in a quiet subaqueous environment 
(Schieber, 1994; Macquaker and Bohacs, 2007; Ichaso and 
Dalrymple, 2009; Ghadeer and Macquaker, 2011, 2012) or 
by specific mass-flow types (Plint, 2014; Schieber, 2016). 
 
Even more recent is the progress concerning the 
transformation of gravity flows into other types, and 
regarding the co-occurrence of different gravity-flow 
deposits (Sumner, 2009; Haughton et al., 2009; Talling et 
al., 2012; Bernhardt et al., 2012; Kane and Pontén, 2012; 
Yang et al., 2014). Debris flows may be transformed into 
turbidity currents, commonly in the middle to upper part 
and in the tail of the flow (Yang et al., 2014). Debris flows, 
mixing with ambient water and thus becoming dilute, can 
change into turbidity currents (Sumner, 2009; Bernhardt et 
al., 2012; Yang et al., 2014), whereas turbidity currents 
may become transformed into debris flows because due to 
settling of suspended particles, the concentration of 
suspended sediments in the bottom of turbidity currents 
increases. The flow thus can erode the substrate or 
underwater levees more easily, and the eroded material 
may then re-enter the flow. When the concentration of 
muddy debris passes a threshold value, a turbidity current 
will change into a debris flow (Talling, 2007; Sumner, 2009; 
Christopher et al., 2009; Bernhardt et al., 2012; Bourget et 
al., 2012). This leads commonly to the co-occurrences of 
various types of mass-flow deposits. 
 

SLURRIES AND SLURRY DEPOSITS 
 
A special andrelatively rare – type of gravity flow is 
constituted by slurries, which are highly fluid mixtures of 
water and finely divided material. Whereas almost all other 
types of gravity flow are most easily initiated by slope 
failure, slurries seem – as far as can be deduced from the 
geological context of their deposits – exclusively (or at least 
almost exclusively) to be triggered by seismic shocks. This 
makes them a strong indicator of palaeoseismic activity. 
 
How to distinguish slurry deposits? Just like most 
autochthonous marine and lacustrine sediments, many 
mass-flow deposits can be fine-grained (turbidites, mudflow 
deposits, hyperpycnites, etc.). The characteristics of such 
sediments must therefore be studied in detail. An 
exceptionally good opportunity is provided by the Ordos 
Basin in central China (Fig. 1), where slurry deposits occur 
jointly with other fine-grained mass-flow deposits in the Late 
Triassic lacustrine Yanchang Formation (Yang et al., 2017a). 
 

 
Figure 1: Setting of the Ordos Basin (modified from Yang et al., 
2017b). 
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The present contribution is aimed at exploring the 
depositional processes that built the lacustrine muddy 
gravity-flow deposits of the Late Triassic lacustrine fine-
grained sedimentary system in the southern Ordos Basin 
(about 15000 km2), so as to find out what triggered the 
initiation of the mass flows. The results of this study are 
based on detailed examination of 112 cores and 10 thin 
sections of muddy rocks 
 
THE ORDOS BASIN 
 
The Ordos Basin is situated on a stable Archean 
crystalline basement. It underwent a long tectonic-
sedimentary evolution from the Palaeozoic to the 
Cenozoic, and a sedimentary succession accumulated 
during this time-span with an average thickness of 4-5 km 
(Yang and Deng, 2013). During the Late Triassic, a 
palaeocontinent was uplifted in what is now the southern 
part of the basin. This was due to the collision between 
the Yangtze Plate and the North China Plate. This 
palaeocontinent supplied most of the sediment that 
accumulated in the southern part of the basin (Weislogel 
et al., 2006; Dong et al., 2012). The North China Plate was 
extruded by the Yangtze Plate and the Hinggan-Mongolia 
Plate from the south and north, respectively. This process 
resulted in subsidence of the Ordos Basin.  
 
The collision and thrusting downwarped the Ordos Basin 
during the Late Triassic, resulting in steep slopes at both 
sides: 3.5°-5.5° in the south and 1.5°-2.5° in the north 
(Deng et al., 2011; Yang and Deng, 2013; Yang et al., 
2017b). The rapid subsidence of the basement and the 
rapid transgression during the early Late Triassic resulted 
in sediment that was derived mainly from the 
surrounding palaeocontinents (Fig. 1) (Deng et al., 2011; 
Yang and Deng, 2013). 
 
THE YANCHANG FORMATION  
 
Various types of lacustrine mudstones, shales and oil 
shales occur in the fine-grained parts of the Yanchang 
Formation, but geologists and specialists have focused for 
a long time on sandstones, because they form 
economically important reservoirs of hydrocarbons (Deng 
et al., 2011; Yang and Deng, 2013; Yang et al., 2013). The 
depositional processes of the mudstones and shales in this 
formation have not yet raised much attention, and the 
research of gravity-flow deposits has only just begun (Yang 
et al., 2017a).  
 
SOFT-SEDIMENT DEFORMATION STRUCTURES 
 
Numerous SSDS are present in the lacustrine mudstones of 
the Yanchang Formation; they always contain a certain 
amount of sand and silt. Most of them occur in mass-flow 
deposits. The most interesting ones are those in the slurry 
deposits. When water-saturated slope sediments started 
to move downslope, increasingly more water was 
included, so that eventually a slurry was formed. The 
turbulent flow of the slurry led to erosion of the 
sedimentary bottom and of subaqueous natural levees 

that existed alongside the channels in the delta slope; part 
of these sediments may have been so water-saturated that 
the individual particles lost the contact with each other, so 
that they became mixed up with the other sediment 
particles in the slurry, thus increasing the erosional power 
of this flow. The increased erosional capability occasionally 
led to the erosion of more consolidated sediment. These 
became included in the slurry with its chaotic turbulent 
character, forming lumps that partly became deformed 
during transport, either by rolling over the sedimentary 
bottom, or by the powerful whirls in the slurry. This 
explains the occurrence in several cores of slurry deposits 
consisting predominantly of mud, in which deformed 
lumps of somewhat more sandy material are embedded, 
sometimes as floating, more or less isolated masses (Fig. 2)
sometimes in quantities that are almost equal in volume as 
the mud matrix (Fig. 3). 
 

 
Figure 2: Isolated more sandy masses floating in a silty/clayey 
matrix. The diameter of the coin (for scale) is 20 mm. 
 

 
Figure 3: High concentration of sandy lumps in the mud matrix of 
a slurry deposit. The material is distinctly derived from a deformed 
layer, probably in the form of a load cast that became detached 
from its parent layer and that was transported and partially 
destroyed by the slurry flow. Scale in cm. 
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The farther downslope slurry flows travelled, the less 
recognizable the individual lumps of eroded more sandy 
material became: the individual fragments were torn 
apart, bumped against each other, absorbed water, etc., so 
that they lost their original shapes and eventually became 
more or less shapeless masses (Fig. 4). 
 

 
Figure 4: Muddy slurry deposits with fairly shapeless masses of 
deformed fine-sandy material (after Yang et al., 2016). A: 
Relatively thick slurry deposit with concentrations of fine-sandy 
material at several levels. B: Densely packed, more or less bedding-
parallel masses of fine-sandy deformed sediment in a relatively 
thick slurry deposit with a muddy matrix. 
 
CONCLUSIONS 
 
During the Late Triassic, subaqueous gravity flows 
transported and deposited mainly fine-grained particles 
such as silt and mud on the slopes of delta fronts and in the 
deep lacustrine areas of the Ordos Basin. These event 
deposits occur frequently intercalated between the 
autochthonous mudstones. Many of the flows had the 
characteristics of slurries, and their deposits contain 
abundant soft-sediment deformation structures that 
reflect these flows and depositional conditions. 
 
The flows were possibly triggered by earthquakes, either 
or not due to volcanic eruptions. A tectonically active 
setting, a depositional slope and a high sedimentation rate 
facilitated the development of soft-sediment deformations 
on the lacustrine delta fronts. Alternations of water-
saturated sands and soft muds with, consequently, 
reversed density gradients were additional favourable 
factors for deformation processes, but the most chaotic 
soft-sediment deformation structures originated by the 
transport of already deformed unconsolidated sediment 
lumps in highly turbulent slurries. These chaotic SSDS, 
when present in slurry deposits, might be considered as 
strong evidence for seismic activity that affected water-
saturated fine-grained sediments on a slope, and thus can 
help to recognize phases of palaeoseismic events. 
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The farther downslope slurry flows travelled, the less 
recognizable the individual lumps of eroded more sandy 
material became: the individual fragments were torn 
apart, bumped against each other, absorbed water, etc., so 
that they lost their original shapes and eventually became 
more or less shapeless masses (Fig. 4). 
 

 
Figure 4: Muddy slurry deposits with fairly shapeless masses of 
deformed fine-sandy material (after Yang et al., 2016). A: 
Relatively thick slurry deposit with concentrations of fine-sandy 
material at several levels. B: Densely packed, more or less bedding-
parallel masses of fine-sandy deformed sediment in a relatively 
thick slurry deposit with a muddy matrix. 
 
CONCLUSIONS 
 
During the Late Triassic, subaqueous gravity flows 
transported and deposited mainly fine-grained particles 
such as silt and mud on the slopes of delta fronts and in the 
deep lacustrine areas of the Ordos Basin. These event 
deposits occur frequently intercalated between the 
autochthonous mudstones. Many of the flows had the 
characteristics of slurries, and their deposits contain 
abundant soft-sediment deformation structures that 
reflect these flows and depositional conditions. 
 
The flows were possibly triggered by earthquakes, either 
or not due to volcanic eruptions. A tectonically active 
setting, a depositional slope and a high sedimentation rate 
facilitated the development of soft-sediment deformations 
on the lacustrine delta fronts. Alternations of water-
saturated sands and soft muds with, consequently, 
reversed density gradients were additional favourable 
factors for deformation processes, but the most chaotic 
soft-sediment deformation structures originated by the 
transport of already deformed unconsolidated sediment 
lumps in highly turbulent slurries. These chaotic SSDS, 
when present in slurry deposits, might be considered as 
strong evidence for seismic activity that affected water-
saturated fine-grained sediments on a slope, and thus can 
help to recognize phases of palaeoseismic events. 
 

Acknowledgements: The study was supported by the National 
Science Foundation of China (Grants 41372135 and 41672120) 
and by the SDUST Research Fund (Grant 2015TDJH101). 
 
 
REFERENCES 
 
Bernhardt, A., Stright, L., Lowe, D., 2012. Channelized debris-flow 

deposits and their impact on turbidity currents: the 
Puchkirchen axial channel belt in the Austrian Molasse Basin. 
Sedimentology 59, 2042-2070.  

Bourget, J., Zaragosi, S., Mulder, T., 2010. Hyperpycnal-fed 
turbidite lobe architecture and recent sedimentary processes: 
a case study from the Al Batha turbidite system, Oman margin. 
Sedimentary Geology 229, 144-159. 

Christopher, J.A-L., Howard, D.J., 2009. Sustained turbidity 
currents and their interaction with debrite-related topography: 
Labuan Island, offshore NW Borneo, Malaysia. Sedimentary 
Geology 219, 77-96. 

Deng, X., Fu, J., Yao, J., Pang, J. & Sun, B., 2011. Sedimentary facies 
of the Middle - Upper Triassic Yanchang Formation in Ordos Basin 
and breakthrough in petroleum exploration. Journal of 
Palaeogeography 13, 443–455. (in Chinese with English abstract) 

Dong, Y., Liu, X., Zhang, G., Chen, Q., Zhang, X., Li, W. & Yang, C., 
2012. Triassic diorites and granitoids in the Foping area: 
Constraints on the conversion from subduction to collision in 
the Qinling orogen, China. Journal of Asian Earth Sciences 47, 
123–142.  

Ghadeer, S.G., Macquaker, J.H.S., 2011. Sediment transport 
processes in an ancient mud-dominated succession: a 
comparison of processes operating in marine offshore settings 
and anoxic basinal environments. Journal of the Geology 
Society, London 168, 1121–1132.  

Ghadeer, S.G., Macquaker, J.H.S., 2012. The role of event beds in 
the preservation of organic carbon in fine-grained sediments: 
analyses of the sedimentological processes operating during 
deposition of the Whitby Mudstone Formation (Toarcian, 
Lower Jurassic), preserved in northeast England. Marine and 
Petroleum Geology 35, 309–320. 

Ichaso, A.A. & Dalrymple, R.W., 2009. Tide- and wave-generated 
fluid mud deposits in the Tilje Formation (Jurassic), offshore 
Norway. Geology 37, 539-542.  

Kane, I.A., Pontén, A.S.M., 2012. Submarine transitional flow 
deposits in the Paleogene Gulf of Mexico. Geology 40, 1119-1122. 

Macquaker, J.H.S., Bohacs, K.M., 2007. On the accumulation of 
mud. Science 318, 1734–1735. 

Plint, A.G., 2014. Mud dispersal across a Cretaceous prodelta: 
Storm-generated, wave-enhanced sediment gravity flows 
inferred from mudstone microtexture and microfacies. 
Sedimentology 61, 609–647. 

Schieber, J., 1994. Evidence for episodic high energy events and 
shallow water deposition in the Chattanooga Shale, Devonian, 
central Tennessee, U.S.A. Sedimentary Geology 93, 193-208.  

Schieber, J., 2016. Mud re-distribution in epicontinental basins – 
exploring likely processes. Marine & Petroleum Geology 71, 
119-133. 

Sumner, E.J., Talling, P.J. & Amy, L.A., 2009. Deposits of flows 
transitional between turbidity current and debris flow. Geology 
37, 991–994. 

Talling, P.J., Wynn, R.B., Masson, D.G., Frenz, M., Cronin, B.T., 
Schiebel, R., Akhmetzhanov, A.M., Dallmeier-Tiessen, S., 
Benetti, S., Weaver, P.P.E., Georgiopoulou, A., Zühlsdorff, C. & 
Amy, L.A., 2007. Onset of submarine debris flow deposition far 
from original giant landslide. Nature 450, 541–544.  

Talling, P.J., Masson, D.G., Sumner, E.J., 2012. Subaqueous 
sediment density flows: depositional processes and deposit 
types. Sedimentology 59, 1937-2003. 

Weislogel, A.L., Graham, S.A., Chang, E.Z., Wooden, J.L., Gehrels, G.E. 
& Yang, H., 2006. Detrital zircon provenance of the Late Triassic 

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

Songpan-Ganzi complex: Sedimentary record of collision of the 
North and South China blocks. Geology 34, 97–100. 

Yang, H. & Deng, X., 2013. Deposition of Yanchang Formation deep-
water sandstone under the control of tectonic events, Ordos 
Basin. Petroleum Exploration and Development 40, 513–520. 

Yang, R.C., He, Z.L., Qiu, G.Q., Jin, Z.J., Sun, D.S. & Jin, X.H., 2014. A Late 
Triassic gravity flow depositional system in the southern Ordos 
Basin. Petroleum Exploration and Development 41, 724–733.  

Yang, R., Van Loon, A.J., Yin, W., Fan, A. & Han Z., 2016. Soft-
sediment deformation structures in cores from lacustrine slurry 
deposits of the Late Triassic Yanchang Fm. (central China). 
Geologos 22, 201-211. 

Yang, R., Fan, A., Han, Z. & Van Loon, A.J., 2017a. Marine and 
Petroleum Geology 85, 194-219. 

Yang, R., Jin, Z., Van Loon, A.J., Han, Z. & Fan, A., 2017b. Climatic 
and tectonic controls of lacustrine hyperpycnite origination in 
the Late Triassic Ordos Basin, central China: implications for 
unconventional petroleum development. American Association 
of Petroleum Geologists Bulletin 101, 95-117. 

 
 
 

 



PROGRAMME                          8TH INTERNATIONAL PATA DAYS 2017408

8th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 13 – 16 November, 2017, New Zealand 
 
 

INQUA Focus Group Earthquake Geology and Seismic Hazards 

 
 

Assessing giant tsunamigenic subduction earthquakes in the Northern Chile Seismic Gap during the 
last millennia from submarine and archaeological records 

 
Gabriel Vargas Easton (1)*, Diego Salazar (2), Sergio Ruiz (3), Felipe Leyton (4), Rachel Abrahami (1), Jacobus Le Roux (1),  

Silvio Pantoja (5), Carina Lange (5), Jaime Campos (3) 
 

(1)    Departamento de Geología, Universidad de Chile 
(2)    Departamento de Antropología, Universidad de Chile 
(3)    Departamento de Geofísica, Universidad de Chile 
(4)    Centro Sismológico Nacional, Universidad de Chile 
(5)    Departamento de Oceanografía, COPAS, Universidad de Concepción, Chile 
*Corresponding author: gvargas@ing.uchile.cl 
 
 
Abstract: Coastal and marine records off the hyperarid Atacama Desert provide a new view about the occurrence of large 
subduction earthquakes in the Central Andes. From high-resolution geochronology of laminated series accumulated on a narrow 
shelf, we associate anomalous structures such as slumps and discontinuities -overlaid by turbidite deposits-, to the last giant 
1877 Mw~8.8 tsunamigenic earthquake. Once compared with the reanalysis of historical chronicles and seismological data, we 
suggest that large magnitude events produce destabilisation at the sea bottom capable to generate slumping or discontinuities. 
From the ongoing analysis of marine records coupled with observations from coastal archaeological sites, we assess the 
occurrence of several giant tsunamigenic earthquakes in the last millennia, suggesting that the predecessor of the 1877 episode 
occurred close to CE 1450. In light of this new paleoseismic evidence it is likely that the last Mw∼8 earthquakes in 2014 and 2007 
along this seismic gap region, seem to be moderate episodes in a larger seismic cycle. 
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INTRODUCTION 
 
The subduction margin of the Central Andes is 
characterized by the occurrence of large earthquakes 
associated with the convergence of the Nazca and South 
American Plates at about 6.5-7.0 cm/yr (DeMets et al., 
1994; Angermann et al., 1999; Béjar-Pizarro et al., 2010). 
This convergence rate is responsible for causing giant 
tsunamigenic subduction earthquakes like the 1868 Mw 
8.8 and 1877 Mw 8.8 events that affected vast areas along 
southern Peru and northern Chile (Kausel, 1986; Dorbath 
et al., 1990; Comte and Pardo, 1991; Fig. 1). In particular, 
the last giant earthquake in 1877 ruptured ~450-500 km 
along northern Chile in a region that has been 
characterized as a mature seismic gap (Kelleher, 1972; 
Nishenko, 1985; Kausel, 1986; Fig. 2). The earthquake 
rupture stopped at the Mejillones Peninsula near 23ºS, 
which is a late Cenozoic geomorphologic feature 
constituted by emerged tectonic blocks limited by 
Quaternary faults (Armijo and Thiele, 1990; Ortlieb et al., 
1996; Delouis et al., 1998; Gonzalez et al., 2003; Vargas 
et al., 2011). In the last decades, several large 
earthquakes have struke the hyperarid Atacama Desert 
significantly impacting the region, like the 1995 Mw 8.1 
Antofagasta earthquake, the 2007 Mw 7.7 Tocopilla 
earthquake, and the 2014 Mw 8.1 Iquique-Pisagua 
earthquake (Fig. 1). While the 1995 subduction 
earthquake ruptured along 180 km of the plate interface 
southward from the Mejillones Peninsula, the 2007 
Tocopilla earthquake ruptured ~150 km and ended below 
this feature (Ruegg et al., 1996; Delouis et al., 1997; 
Chlieh et al., 2004; Pritchard et al., 2006; Delouis et al., 

2009; Béjar-Pizarro et al., 2010). In addition, the last 2014 
Mw 8.1 Pisagua-Iquique earthquake ruptured a moderate 
portion along the subduction contact, contributing only 
moderately to the rupture of the large Northern Chile 
seismic gap region (Ruiz et al., 2014). 
 

 
Fig. 1: Regional tectonic setting off Northern Chile, and ruptures 
areas of the historic earthquakes, including those of the last giant 
1868 and 1877 tsunamigenic events. White stars indicate the 
location of the sediment cores (modified from Béjar-Pizarro et al., 
2010 and Ruiz et al., 2014). 
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Fig. 2: Isoseismal contour lines inferred from the historical review 
of damages associated to the large Mw8.8 1877 tsunamigenic 
earthquake along the hyperarid Northern Chile (Kausel, 986). 
Isoseismal VIII MM indicates the most affected area, defining the 
most probably rupture length along the subduction contact, 
between Mejillones del Sur and Pisagua (Kausel, 1986). 
 
PALEOSEISMOLOGY OF GIANT TSUNAMIGENIC 
EARTHQUAKES 
 
The historical seismic record of the region is only two 
hundred years long (Comte and Pardo, 1991), which limits 
our knowledge about earthquake occurrence along this 
hyperarid subduction margin. From high resolution 
geochronology based upon Pb-210 an C-14 data and 
sedimentology in laminated series accumulated on a 
narrow shelf along the continental margin (Vargas et al., 
2004; 2005; 2007), we observed that anomalous 
structures, such as slumps and discontinuities, are 
chronologically associated with the occurrence of giant 
historic earthquakes in the area (e.g. Vargas et al., 2005). 
 
Holocene laminated sediments off Northern Chile result 
from a combination of variable ocean-climate conditions, 
which together with hypoxic to anoxic conditions at the sea 
bottom and geomorphological configurations especially 
associated to local embayment and basins, favor the 
accumulation and preservation of organic rests on the 
shelf (Vargas et al., 2004; Valdés et al., 2004). High primary 
production rates at the surface of the ocean result in the 
accumulation of hemipelagic sediments at rates around 

10-15 cm/100 years (32 mg.cm-2.y-1; Vargas et al., 2004; 
2007). Organic-rich laminated sediments at the sea bottom 
are mostly constituted by diatom and other plankton rests, 
organic matter and less abundant aeolian lithogenic 
particles (Vargas et al., 2004; Valdés et al., 2004), from 
which high-resolution ocean-climate variability can be 
inferred (Vargas et al., 2004; 2007). Slumps and deformed 
sediments together with lithogenic-rich lenses 
interbedded within horizontal laminae have been 
associated to the occurrence of large subduction 
earthquakes and tsunamis (Vargas et al., 2005). 
 
The analysis of long (ca. 5.5 m) sediment cores together 
with high resolution seismic profile data, compared with 
records from coastal archaeological sites, allow us to infer 
the occurrence of several giant earthquakes in the last two 
millennia in this seismic gap region.  
 
The anomalous sedimentary features that we relate to the 
occurrence of large subduction tsunamigenic earthquakes 
are systematically characterized by centimeter to 
decimeter thickness layer of deformed strata with inversed 
radiocarbon ages, which we interpret as slumps produced 
by the shaking associated to seismic waves during the 
mainshock (Fig. 3). These deposits are overlaid by 
centimeter thickness detritic lenses enriched in lithogenic 
minerals (Fig. 3). From the analysis of thin sections, Vargas 
et al. (2005) described one of these detritic layers 
associated to a discontinuity observed in a sediment core 
(33C) from Mejillones, evidencing its lenses-shape as well 
as its mineralogical content, which together with the 
coarser grain size of lithogenic particles with respect to the 
adjacent layers, suggest its origin as the result of local 
reworking from shallower areas in the same shelf basin. 
Considering the stratigraphic association with the 
underlying slump deposit (Fig. 3), as well as the limited 
supply of alluvial sediments to the marine basin in this 
hyperarid region, mostly associated to localized runoff 
during alluvial episodes related to El Niño events (Vargas 
et al., 2006), we interpret that detritic lenses overlying 
slumps deposits result from turbidites or density currents 
produced by backwash of tsunami waves immediately 
after the earthquake occurrence (Figs. 3 and 4). 
 
In addition, we observed that other structures in the 
sedimentary record are characterized by smoothly 
deformed sediment that are not associated with inversed 
radiocarbon ages, neither with detritic overlying deposit, 
which we interpret as a possible signal of minor events as in 
the case of the 1768 M 7.7, occurred within the seismic gap 
region, close to the Mejillones basin, which did not produce 
a tsunami according the historical analysis of Comte and 
Pardo (1991). Moreover, in the sediment records of cores 
33C and F981A (Vargas et al., 2005; 2007), as well as in cores 
GC3 and GC1, it is not possible to precisely determine any 
signal associated to the 1995 Mw 8.1 Antofagasta 
earthquake, whose rupture area encompassed the southern 
portion of the Mejillones Peninsula (Fig. 1). 
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Fig. 3: Interpreted offshore paleoseismological record of the 1877 giant tsunamigenic earthquake off Iquique and Mejillones. 
 
From the observation of anomalous structures similar to 
the 1877-event record (Fig. 3), in cores GC1 and GC3 from 
Mejillones basin (23°S), we infer giant tsunamigenic 
earthquakes during the last ca. 1650 years (Fig. 4). All of 
these structures are characterized by inversed radiocarbon 
ages providing additional support for evidencing slump 
deposits in the sedimentary series. Thus, we inferred 
predecessors of the 1877-event, which are characterized 
by a couple of slump deposits overlaid by turbidites in the 
sedimentary record, close to CE 1450, CE 953 and CE 655, 
with a possible episode, characterized only by a turbidite, 
in CE 1046. 
 

 
Fig. 4: Radiocarbon ages, stratigraphy and paleoseismic 
interpretation from sediment core GC3, from Mejillones bay (23ºS). 
 
IMPLICATIONS FOR SEISMIC HAZARD ASSESSMENT 
 
The overall data indicate that large earthquakes, similar in 
magnitude to the 1877-episode, have occurred at a variable 

time intervals mostly in the range of 300 to 500 years during 
the last two millennia, and that the predecessor of this last 
large event occurred ca. 430 years before.  
 
From the review of historical chronicles compared with the 
sedimentary record coupled with model results of 
estimated Peak Ground Acceleration (PGA) values, we 
suggests that high horizontal PGAs (at least greater than 
40-50%g), are needed to produce slumping or 
discontinuities similar to those associated to the last 1877 
event. Minor episodes recorded in the historical chronicles 
reported by Comte and Pardo (1991) such as those of 1768 
and 1836, did not produce significant slumping in the study 
sites. In addition, we review the historical seismic catalog 
for Northern Chile interplate thrust-earthquakes from NEIC 
and Centro Sismológico Nacional (www.sismologia.cl), and 
we computed the Gutenberg-Richter law after evaluating 
the appropriate time window for each magnitude range. 
The Gutenberg-Richter law predicts the behavior of mega-
earthquakes (such as 1877 earthquake) with long return 
periods (~400 years for earthquakes with magnitude ~8.8), 
similarly to our findings from the paleoseismic record. In 
contrast, the events ~Mw 8.0 shows a shorter return 
period of around ~100 years. Ongoing research in needed 
to test these last hypotheses (the relation of anomalous 
sedimentary structures with PGA and G-R law) to improve 
seismic hazard assessment in the region. 
 
CONCLUSION AND PERSPECTIVES 
 
The analysis of marine records coupled with observations 
from coastal archaeological sites, allow us to infer the 
occurrence of several giant tsunamigenic earthquakes in 
the last two millennia, with a variable recurrence in the 
order of 400 years. Under this scope, the last Mw∼8 
earthquakes occurred on 2014 and 2007 along this seismic 
gap region, seem to be moderate episodes into a larger 
seismic cycle. On-going analyses from archaeological 
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reported by Comte and Pardo (1991) such as those of 1768 
and 1836, did not produce significant slumping in the study 
sites. In addition, we review the historical seismic catalog 
for Northern Chile interplate thrust-earthquakes from NEIC 
and Centro Sismológico Nacional (www.sismologia.cl), and 
we computed the Gutenberg-Richter law after evaluating 
the appropriate time window for each magnitude range. 
The Gutenberg-Richter law predicts the behavior of mega-
earthquakes (such as 1877 earthquake) with long return 
periods (~400 years for earthquakes with magnitude ~8.8), 
similarly to our findings from the paleoseismic record. In 
contrast, the events ~Mw 8.0 shows a shorter return 
period of around ~100 years. Ongoing research in needed 
to test these last hypotheses (the relation of anomalous 
sedimentary structures with PGA and G-R law) to improve 
seismic hazard assessment in the region. 
 
CONCLUSION AND PERSPECTIVES 
 
The analysis of marine records coupled with observations 
from coastal archaeological sites, allow us to infer the 
occurrence of several giant tsunamigenic earthquakes in 
the last two millennia, with a variable recurrence in the 
order of 400 years. Under this scope, the last Mw∼8 
earthquakes occurred on 2014 and 2007 along this seismic 
gap region, seem to be moderate episodes into a larger 
seismic cycle. On-going analyses from archaeological 
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coastal sites will provide additional key information about 
the impact of predecessors of the 1877 event on this 
hyperarid coast as well as on the early inhabitants. We 
preliminary dated those predecessors close to CE 1450, CE 
953 and CE 655, with a possible event also at CE 1046. 
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Abstract: We present new lidar-based maps of the western Hope and Kelly Faults where they approach the Alpine Fault in New 
Zealand’s South Island. These maps form the basis for ongoing field investigations to determine slip rates and earthquake 
chronologies along the southern margin of the Marlborough Fault system. Surface rupture morphologies are highly complex and 
influenced by cumulative slip and topography. Preliminary field observations are also presented. 
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INTRODUCTION 
 
The Marlborough fault system lies between the Alpine 
fault and Hikurangi subduction zone and transfers motion 
between them. It consists of five principal faults: the 
Wairau, Awatere, Clarence, Hope and Kekerengu faults, 
the latter of which ruptured during the 2016 Mw 7.8 
Kaikōura earthquake (Hamling et al., 2017)). The 
southernmost is the Hope fault, which has the one of the 
highest slip rates in the Marlborough fault system, 23 ±4 
mm/yr (Langridge et al. 2003). The interaction between 

the Alpine fault and the Marlborough system is not well 
understood, but north of the Kelly and Hope fault 
intersections, the slip rate on the Alpine fault drops by 
~50%, indicating a significant component of slip is 
transferred into the Marlborough fault system through 
these faults (Langridge et al. 2010). The aim of this study is 
to determine slip rates and earthquake chronologies on 
the Hope Fault and Hura-Newton-Kelly fault system (Figure 
1) and thus better understand the transfer of motion from 
the Alpine fault to the Hope fault, including how these fault 
systems interact in earthquakes. 

Figure 1: Lidar coverage (yellow outline) and study area. The lidar covers the junction of the Hope and Kelly faults, as well as near the 
junction of the Hura and Alpine faults. The faults shown are from the New Zealand Active Fault Database (Langridge et al., 2016). The 
background is derived from a 30 m resolution ALOS DEM. 
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~50%, indicating a significant component of slip is 
transferred into the Marlborough fault system through 
these faults (Langridge et al. 2010). The aim of this study is 
to determine slip rates and earthquake chronologies on 
the Hope Fault and Hura-Newton-Kelly fault system (Figure 
1) and thus better understand the transfer of motion from 
the Alpine fault to the Hope fault, including how these fault 
systems interact in earthquakes. 

Figure 1: Lidar coverage (yellow outline) and study area. The lidar covers the junction of the Hope and Kelly faults, as well as near the 
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DISCUSSION 
 
We use lidar to map portions of the western Hope, Kelly, and 
Hura faults (Figure 1). Previous sources indicate that the 
trace of the westernmost Hope fault is obscured by the river 
(Nathan et al., 2002). However, using lidar we are able to 
trace the Hope fault along the north side of the Taramakau 
River valley and northern subsidiary faults associated with 
the Kelly fault along the south side of the valley (Figure 2). 
The fault is expressed as a series of short strands subparallel 
to the overall strike of the main fault zone, similar to 
observations on fault rupture traces in the Darfield 
earthquake (Quigley et al., 2012) and investigations 
elsewhere along the Hope Fault (Khajavi et al.,2014). 
 

 
Figure 2: The main trace of the Hope fault is identified on the 
northern side of the river valley. Debris fans and fluvial terraces are 
offset and provide geomorphic markers for fault displacement 
measurements. The trace from the New Zealand Active Fault 
Database (Langridge et al., 2016) is shown in tick black dashed 
line, lidar-mapped faults are shown in red lines. 
 

 
Figure 3: Bedrock between the Hope and Kelly faults is highly fractured. 
though the northwest trending (probable glacial) striations have only 
small dextral offsets. The NE and E striking fractures may represent 
gravitational failure of the bedrock in the form of ridge rents, and/or 
oblique and extensional faulting in a fold above a thrust fault. 
 
Initial efforts to measure offsets of geomorphic features 
yield right lateral displacement of stream channels, 
terraces, and alluvial fans of up to 165 m. Preliminary 

mapping has also revealed possible thrust faults and folds, 
and highly fractured bedrock (Figure 3). 
 
Near the Alpine fault, the Hura fault traces are diffuse, with 
many short strands at various orientations (Figure 4). 
There are extensive flights of terraces that may yield uplift 
chronologies or records of base level dropping. Base level 
drops may record movement on the adjacent Alpine fault 
that dam and un-dam, or uplift of the Styx river valley. 
 

Figure 4: Active faulting and high geomorphic activity near the 
Alpine fault may yield insights into how the plate motion is being 
transferred between the Alpine fault and the Marlborough fault 
system. The faults from the New Zealand Active Fault Database 
(Langridge et al., 2016) is shown in tick black dashed line, lidar-
mapped faults are shown in red lines.  
 
Preliminary field mapping resulted in validation that some 
of the fault traces visible on the lidar are also exposed in 
the field as shear zones (Figure 5). Future field work will 
focus on validating more of these structures. After field 
mapping the fault traces and geomorphic features, we will 
choose sites for paleoseismic investigations to investigate 
the rupture history of the Hope, Kelly, and Hura faults. 
Field methods may include peat marsh coring and fault 
trenching. Possible dating methods include radiocarbon, 
luminescence, and dendrochronology. 
 

 
Figure 5: Exposed active fault plane on the Kelly Fault where it 
passes through the eastern Saddle of Lake Kaurapataka (Figure 3). 
Bedrock is thrust over light grey colored glaciofluvial gravels, 
implying post LGM displacement. Fault strike/dip = 285 / 40oN. 
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Abstract. The Liquiñe-Ofqui Fault System (LOFS) is an intra-arc fault zone located in the Norpatagonian Andes, where historical 
neotectonic and seismotectonic activity has been reported. Nevertheless, scarce –conclusive- evidence has been shown 
demonstrating the relationship between crustal seismicity and active faulting. In the Aysén fjord area a seismic swarm was felt 
between January 2007 and February 2008. The peak stage of the seismic activity occurred on April 2007 characterized by two 
main earthquakes, on April 2th, Mw= 6.1, and on April 21th, Mw= 6.2. Mw= 6.2 triggered landslides that induced tsunami waves 
causing human losses and damage to the local economy. We identified six submerged faults in a transfer zone of the LOFS, from 
which three structures were directly involved in the seismic swarm, Río Cuervo (RCF), Quitralco (QF) and Punta Cola faults 
(PCF).Using our data and seismological ones, we propose a seismotectonic model for the occurrence and evolution of the 2007 
seismic sequence. Finally, we propose a new 3d geometric model of the LOFS at a crustal scale for this area. 
 
Keywords: Aysén Earthquake, Aysén Fjord, Liquiñe-Ofqui Fault System, seismic sequence, 3d geometric model. 
 
 
INTRODUCTION 
 
The study area is located near the southern termination of the 
oblique subduction margin between Nazca and South 
American plates (Figure 1), whose convergence rate is ~6.6 
cm/year (Angermann et al., 1999). In this area, the main 
structural feature in the over-riding plate is the Liquiñe-Ofqui 
Fault System (LOFS). Its length is ~1,200 km and extend 
between 38° to 47°S (e.g. Cembrano et al., 2002, 1996; Lavenu 
and Cembrano, 1999; Legrand et al., 2011). This fault system 
is located in the intra-arc, parallel to the continental margin. 
Prior to this work, few efforts regarding to the identification of 
active segments have been done and they were mostly 
focused on the 2007 Aysén seismic swarm itself (2007-AYSS) 
(e.g. Agurto et al., 2012; Lara et al., 2008; Legrand et al., 2011; 
Mora et al., 2010; Russo et al., 2011; Vargas et al., 2013). The 
2007-AYSS began on January 10th with a small earthquake (ML 
<3) at a shallow depth below inner fjord. Many similar events 
took place on January 14nd, 18nd, 19nd and 21th, until an 
Moment Magnitude, Mw 5.2 earthquake struck the area on 
January 23rd, generating a sequence with more than 20 events 
per hour (Barrientos et al., 2007; Russo et al., 2011). From this 
initial stage five major events (M >5; USGS NEIC catalog) 
occurred on January 28nd (Mw 5.2), February 3rd (Mw 5.3), 
February 23rd (Mw 5.7), April 2nd (Mw 6.1) and finally on April 
21th (Mw 6.2) (Figure 1c). These last two events are considered 
the seismic swarm peak stage (Agurto et al., 2012). To date, 
there is no certainty as to which structures have been 
responsible for the seismic activity or the mechanisms in 
which these events took their course. 
 
In this study, we analyze the seismogenic structures 
associated with the 2007-AYSS and explain the evolution of 
the seismic sequence. We use new multi-beam bathymetric 

data and high-resolution multi-channel seismic profiles for the 
inner Aysén Fjord. The results allow us to identify the 
submerged section of a transfer zone of the LOFS, using the 
observed and projected geometry. We associate seismic 
clusters to specific fault planes. 
 

 
Figure 1. (a) Geotectonic framework of South America showing 
regional tectonics (b) Regional tectonic context at the triple junction 
of the Nazca, Antarctic and South American plates. Composite Digital 
Elevation Model (DEM) of Nazca and South American plates. 
Regional map showing the location and extent of LOFS (continuous 
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between January 2007 and February 2008. The peak stage of the seismic activity occurred on April 2007 characterized by two 
main earthquakes, on April 2th, Mw= 6.1, and on April 21th, Mw= 6.2. Mw= 6.2 triggered landslides that induced tsunami waves 
causing human losses and damage to the local economy. We identified six submerged faults in a transfer zone of the LOFS, from 
which three structures were directly involved in the seismic swarm, Río Cuervo (RCF), Quitralco (QF) and Punta Cola faults 
(PCF).Using our data and seismological ones, we propose a seismotectonic model for the occurrence and evolution of the 2007 
seismic sequence. Finally, we propose a new 3d geometric model of the LOFS at a crustal scale for this area. 
 
Keywords: Aysén Earthquake, Aysén Fjord, Liquiñe-Ofqui Fault System, seismic sequence, 3d geometric model. 
 
 
INTRODUCTION 
 
The study area is located near the southern termination of the 
oblique subduction margin between Nazca and South 
American plates (Figure 1), whose convergence rate is ~6.6 
cm/year (Angermann et al., 1999). In this area, the main 
structural feature in the over-riding plate is the Liquiñe-Ofqui 
Fault System (LOFS). Its length is ~1,200 km and extend 
between 38° to 47°S (e.g. Cembrano et al., 2002, 1996; Lavenu 
and Cembrano, 1999; Legrand et al., 2011). This fault system 
is located in the intra-arc, parallel to the continental margin. 
Prior to this work, few efforts regarding to the identification of 
active segments have been done and they were mostly 
focused on the 2007 Aysén seismic swarm itself (2007-AYSS) 
(e.g. Agurto et al., 2012; Lara et al., 2008; Legrand et al., 2011; 
Mora et al., 2010; Russo et al., 2011; Vargas et al., 2013). The 
2007-AYSS began on January 10th with a small earthquake (ML 
<3) at a shallow depth below inner fjord. Many similar events 
took place on January 14nd, 18nd, 19nd and 21th, until an 
Moment Magnitude, Mw 5.2 earthquake struck the area on 
January 23rd, generating a sequence with more than 20 events 
per hour (Barrientos et al., 2007; Russo et al., 2011). From this 
initial stage five major events (M >5; USGS NEIC catalog) 
occurred on January 28nd (Mw 5.2), February 3rd (Mw 5.3), 
February 23rd (Mw 5.7), April 2nd (Mw 6.1) and finally on April 
21th (Mw 6.2) (Figure 1c). These last two events are considered 
the seismic swarm peak stage (Agurto et al., 2012). To date, 
there is no certainty as to which structures have been 
responsible for the seismic activity or the mechanisms in 
which these events took their course. 
 
In this study, we analyze the seismogenic structures 
associated with the 2007-AYSS and explain the evolution of 
the seismic sequence. We use new multi-beam bathymetric 

data and high-resolution multi-channel seismic profiles for the 
inner Aysén Fjord. The results allow us to identify the 
submerged section of a transfer zone of the LOFS, using the 
observed and projected geometry. We associate seismic 
clusters to specific fault planes. 
 

 
Figure 1. (a) Geotectonic framework of South America showing 
regional tectonics (b) Regional tectonic context at the triple junction 
of the Nazca, Antarctic and South American plates. Composite Digital 
Elevation Model (DEM) of Nazca and South American plates. 
Regional map showing the location and extent of LOFS (continuous 
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black lines), transverse fault systems (TFS; segmented black lines) 
and main volcanoes (purple triangles), (after Hervé, 1994; Moreno 
and Naranjo, 2003; Rosenau et al., 2006; Cembrano and Lara, 2009). 
Previously published focal mechanisms of crustal earthquakes are 
shown for the LOFS (black), TFS (red) and megathrust earthquakes 
(green and green stars) (Barrientos and Acevedo-Aránguiz, 1992; 
Cifuentes, 1989; Haberland et al., 2006; Lange et al., 2008; Legrand 
et al., 2011; Moreno et al., 2009). Convergence velocity vectors after 
Angermann et al. (1999). White lines show the approximate 
maximum extends of the Pleistocene ice sheet during the Last Glacial 
Maximum (modified from Thomson et al., 2010). 
 
DATA AND METHODOLOGIES 
 
To identify submerged continuation of LOFS branches we 
used high-resolution bathymetry and sub-bottom profiles. 
The area where data was obtained is located westward of 
Puerto Aysén, in the inner-fjord (73.13°-72.68°W and 
45.32°-45.47°S) (Figure 2). The data set used was obtained 
in a geophysical campaign of the DETSUFA project that 
took place between March 4th and 17nd, 2013. The 
maritime campaign was on board the R/V BIO Hésperides 
of the Spanish Navy. 
 
Additional information concerning location and relocation of 
hypocenters was compiled bibliographically and correspond 
to data taken by temporary stations of the Chilean National 
Seismological Center (CSN; Barrientos et al., 2007; Legrand 
et al., 2011) and University Of Liverpool (Agurto et al., 2012). 
 
Bathymetry 
To make a high-resolution bathymetric map a KONGSBERG 
SIMRAD multi-beam EM-1002S was used, which was 
perfect for depth of the inner fjord. This allowed us to 
obtain a seafloor digital model. Equidistant mode was used 
for swath bathymetry acquisition. The vessel during the 
campaign followed parallel lines of navigation, using a 
mosaic method separated every 150 m. Also thickness of 
the swaths had the same width which generated a 50% 
overlap with the only exception of those areas near the 
coast, places that were not covered for the safety of the 
mission. XBP probes were used at specific sites to measure 
changes in sound velocity on water due to ever-changing 
conditions associated with a restriction of fresh water 
circulation, tides, and sediments. 
 
Seismic profiles
The sub-bottom seismic profiles were obtained using two 
BOLT air guns (165 and 175 inches), which were towed 
behind the vessel stern. The configuration used in the 
seismic sources was 2,000 psi, a depth of the gun at 3 m 
and a distance of 15 m over seafloor. The recording system 
used was DELPH SEISMICPLUS mini-streaming with a 
recording length of 4 s and a pre-gain of 8 Hz. Raw seismic 
lines were obtained in SEG-Y format in conjunction with 
the vessel navigation file.  
 
RESULTS 
 
Bathymetry maps and seismic profiles allow us to identify 
and describe faults that form LOFS transfer zone in the 
study area and cut post-glacial sedimentary infill. We 

focused our effort on Punta Cola Fault (PCF), Quitralco 
Fault (QF) and Río Cuervo Fault (RCF) because its 
participation in the seismic events. Other faults 
suggested in previous work as lineaments were recognize 
in our seismic images. These faults are parallel to QF and 
we named them from west to east, Cuervo Ridge, Río 
Pescado, Isla Mentirosa and Punta Mano. 
 
Punta Cola Fault 
Vargas et al. (2013) described PCF as a ~20 km length 
dextral-reverse fault. From south to north its on-land 
style varies from being expressed as a simple fault trace 
with a N05°E to NS strike, observable for ~8.2 km until it 
submerge into the fjord. Seismic images completed the 
remaining submerged ~4.2 km, shown in detail 
asymmetrical positive flower geometry. This structural 
feature is not evidenced in surface by any pressure-ridge. 
On the contrary, the existence of a small depression 
limited by escarpments masks it. The deformation zone 
associated with this structure narrows southwards from 
an average width ~1,080 m to ~242.6 m. Branches tips 
observed in the northern seismic images reach the 
surface. In contrast, seismic line n°SL-07 shows fault tips 
falling at ~0.42 s TWT (?) “depth”. In addition to the 
latter, offset reflectors generates a pop-up within the 
deformation zone northward and a depression in SL-07. 
We interpreted this phenomenon because of an area of 
lesser sliding in the fault plane. 
 
Río Cuervo Fault 
RCF extends ~100 km length and was characterized and 
described in detail by Vargas et al. (2013) using 
geomorphological segments that ranges ~30-40 km long. 
There is no direct observation in bathymetric surface of 
escarpments or surface displacement associated with 
this fault. Seismic images show it as a vertical fault with 
at least four parallel branches well distinguished. 
Estimated deformation zone width ranges ~313-852.8 m, 
being wider northward. Tip position seen in seismic 
profiles together with vertical offset of reflectors 
decreases northward from 0.39 to 0.45 s, never reaching 
the seafloor. 
 
Quitralco Fault 
QF is a NE-SW striking fault with ~70 km length and part 
of LOFS transfer zone. Westward connects with the 
western lineament of the system (Canal Costa Fault), 
ending to the east when connect with PCF (Cembrano et 
al., 1996; Thomson, 2002; Vargas et al., 2013). In the 
study area, the fault also interacts with RCF. Such 
interaction is not evident, but like other faults with 
similar strike and kinematics, QF has been displaced in 
right-lateral sense ~636 m (Figure 3). Seismic profiles 
show QF as a simple trace accompanied by synthetic and 
antithetic faults. The fault defines two blocks being the 
western one the hanging wall block. Figure 3 shows fault 
tip near the seafloor and forming an escarpment. 
Meanwhile southward its tip location is deepened 
reaching 0.47 s. 
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Figure 2. Study area showing the location of the seismic profiles (SL-05, SL-05 and SL-07) obtained from Aysén fjord using two BOLT air-gun devices 
in the area of the 2007-AYSS. Subaerial and submarine reliefs shown by means of a Digital elevation model based on 1:50,000 topographic sheets 
from the Chilean Army Geographic Institute (IGM) and bathymetric information obtained using a KONGSBERG SIMRAD multi-beam EM-1002S by 
DETSUFA project. The figure shown the location of the epicenters of the 2007-AYSS (transparent purple circles) and the focal mechanism solutions 
for Mw= 6.1 and Mw= 6.2 (After Agurto et al., 2012). Seismic profiles are shown in figures 4, 5 and 6. Inset of the Figure 3 is also shown. 
 
DISCUSSION 
 
In order to associate seismic activity with each faults 
presented here and to propose a geometric model at a 
crustal scale, we used two seismic catalogs that cover most 
of the temporal interval of the seismic swarm. 
 
Seismic sequence migration in the fjord area is shown in 
Figure 2, covering the first four months until the 
generation of the Mw= 6.2 earthquake (Figures 3a, 3b, 3c 
and 3d), to then summarize in Figure 2e the final stage 
between May 2007 and February 2008. It is noted that the 
swarm does not present a random distribution but rather 
form clusters. We made a first order correlation for each 
cluster to QF, RCF and PCF.  
 
On January 2007 (Figure 3a), two NE-SW clusters of epicenters 
(a shallow and a deeper one) are located on QF trace. The 
depth of the earthquakes ranges 6-8.2 km with local 
magnitudes 2.0≤ ML ≤4.7. On February 2007 (Figure 3b), 
seismicity migrates southward with a dispersed distribution 
and depths that ranges 3.9-8.7 km and magnitudes 13≤ ML 
≤5.0. We tentatively associate it with RCF. In intersection area 
between RCF and QF, seismicity shows a well-defined cluster 
whose depths ranges 3.3-6.1 km with magnitudes 1.5≤ ML 
≤3.2. To the north following QF, epicenters could correspond 
to the continuation of the activity during January. Depths 
range 1.7-7.4 km and magnitudes 1.1≤ ML ≤5.3. In addition, 
some epicenters appear near PCF (Depths: 2-3.4 km; 1≤ ML 
≤3.1). During March 2007 (Figure 3c), epicenters were 
concentrated mainly near QF and ranges 2-6.8 km with 
magnitudes 1≤ ML ≤4.8, although a small cluster (Depths: 5-
6.4 km; ~1< ML ≤4.1) in the north of the study area and 
westward RCF trace is well defined. On April 2007,  
 
 

 
 
earthquakes distribution in QF and RCF was similar as in 
March. On the other hand, PCF plays a more important role 
for this study due to the presence of a NW cluster 
characterized by shallow depths (1.8-3.7 km) near the place 
where faulting reached the surface.  
 
In the following months, aftershocks of Mw= 6.1 and Mw= 
6.2 earthquakes continued their nucleation in these three 
faults reaching greater depths (>10 km). A migration that 
covers W-E lineation is observable (Figure 3e). This last 
point was not analyzed due to being outside the objectives 
and scope of this work.  
 
In order to generate a local 3D model of LOFS on a crustal 
scale (Figure 4) we plotted all earthquakes in a three-
dimensional diagram, we made 3D-surfaces that represent 
QF, RCF and PCF. The geometry is better constrained in 
inner-fjord area. 
 
The surface representing PCF has a dip of 88°E until the first 
~1.1 km, subsequently it is curved and then maintained 
with 53°E in the range of ~2.8-~4.1 km, between ~5.5-~7.2 
km its angle of 75°E. At greater depths we interpreted a 
steepening of the fault passing from 85° between ~7.2-
~10.5 km, and finally 90°(>10.5 km). PCF has a vertical 
geometry where the first ~20 km characterized by ~90°, 
changing slightly to 85°E between ~3.1-~8.0 km, again to 
reach 90° at depths >8.0 km. Finally, QF has an 88°NW 
dipping plane that maintains the first ~3.5 km, 75° between 
~4.5-~9.0 km and to depths greater than 90 km it becomes 
77°NW. This model presents similarities with the 
theoretical model of Thomson (2002) where ~NS LOFS 
structures forms a positive flower at crustal scale. 
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for Mw= 6.1 and Mw= 6.2 (After Agurto et al., 2012). Seismic profiles are shown in figures 4, 5 and 6. Inset of the Figure 3 is also shown. 
 
DISCUSSION 
 
In order to associate seismic activity with each faults 
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Figure 2, covering the first four months until the 
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and 3d), to then summarize in Figure 2e the final stage 
between May 2007 and February 2008. It is noted that the 
swarm does not present a random distribution but rather 
form clusters. We made a first order correlation for each 
cluster to QF, RCF and PCF.  
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magnitudes 2.0≤ ML ≤4.7. On February 2007 (Figure 3b), 
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whose depths ranges 3.3-6.1 km with magnitudes 1.5≤ ML 
≤3.2. To the north following QF, epicenters could correspond 
to the continuation of the activity during January. Depths 
range 1.7-7.4 km and magnitudes 1.1≤ ML ≤5.3. In addition, 
some epicenters appear near PCF (Depths: 2-3.4 km; 1≤ ML 
≤3.1). During March 2007 (Figure 3c), epicenters were 
concentrated mainly near QF and ranges 2-6.8 km with 
magnitudes 1≤ ML ≤4.8, although a small cluster (Depths: 5-
6.4 km; ~1< ML ≤4.1) in the north of the study area and 
westward RCF trace is well defined. On April 2007,  
 
 

 
 
earthquakes distribution in QF and RCF was similar as in 
March. On the other hand, PCF plays a more important role 
for this study due to the presence of a NW cluster 
characterized by shallow depths (1.8-3.7 km) near the place 
where faulting reached the surface.  
 
In the following months, aftershocks of Mw= 6.1 and Mw= 
6.2 earthquakes continued their nucleation in these three 
faults reaching greater depths (>10 km). A migration that 
covers W-E lineation is observable (Figure 3e). This last 
point was not analyzed due to being outside the objectives 
and scope of this work.  
 
In order to generate a local 3D model of LOFS on a crustal 
scale (Figure 4) we plotted all earthquakes in a three-
dimensional diagram, we made 3D-surfaces that represent 
QF, RCF and PCF. The geometry is better constrained in 
inner-fjord area. 
 
The surface representing PCF has a dip of 88°E until the first 
~1.1 km, subsequently it is curved and then maintained 
with 53°E in the range of ~2.8-~4.1 km, between ~5.5-~7.2 
km its angle of 75°E. At greater depths we interpreted a 
steepening of the fault passing from 85° between ~7.2-
~10.5 km, and finally 90°(>10.5 km). PCF has a vertical 
geometry where the first ~20 km characterized by ~90°, 
changing slightly to 85°E between ~3.1-~8.0 km, again to 
reach 90° at depths >8.0 km. Finally, QF has an 88°NW 
dipping plane that maintains the first ~3.5 km, 75° between 
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theoretical model of Thomson (2002) where ~NS LOFS 
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Figure 3. Seismic migration of the 2007-AYSS. Fault map and 
seismological data (Agurto et al., 2012; Barrientos et al., 2007) 
were used. A warm color-scale is used to highlight the depth of 
each event. Epicenters of Mw= 6.1 and Mw= 6.2 are shown using 
stars symbols. Epicenter clusters, which we associated to each 
active fault involved in 2007-AYSS, are colored on purple (QF), blue 
(RCF) and green (PCF).  (a) January, 2007. (b) February, 2008. (c) 
March, 2007. (d) April, 2007. (e) May, 2007 to February, 2008. 
 

 
Figure 4. 3D model of the LOFS in the study area. (a) Seismogenic  
faults projected at the scale of the fjord and its surroundings. A 
Digital elevation model based on 1:50,000 topographic sheets 
from the Chilean Army Geographic Institute (IGM) with a SPOT-
image in grayscale have been superimposed to the fault model. 
Red surfaces represent dextral-inverse kinematics, blue surfaces 
represent normal-dextral kinematics.  
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Abstract: We present the new seismicity models that are used to update the national seismic hazard model for Italy. More than 
30 researchers have contributed to the development of 12 seismicity models and to the analysis of their uncertainties. All 
modelers have worked independently, but they could access to the same common input data that include the most updated 
information about Italian seismicity (historical and instrumental), seismogenic faults, and deformation. The seismicity models 
have been built in terms of classic source areas, fault sources and gridded seismicity using different approaches and input data. 
Eleven seismicity models cover the entire Italian territory and surrounding area, whereas 1 seismicity model has been built ad 
hoc for the volcanic Mt Etna area. Seismicity rates derived from seismicity models are currently being compared with the past 
historical seismicity to verify their consistency with the data and the strength and weakness of each one of them. We also 
compare the relative forecasting performance of each model; this quantitative information, together with the outcome of an 
experts' elicitation session, is going to be used to weigh each model. 
 
Key words: National Seismic Hazard model, Seismicity models, Italy. 
 
 
In this work we present the results of the activities of a task 
(task 3: “seismicity models”) of the MPS16 project that 
aims at producing the new national probabilistic seismic 
hazard (PSH) model for Italy. In particular, the task 3 
activities have been focused on the definition of a set of 
seismicity models and on the analysis of their uncertainty. 
More than 30 researchers subdivided in 12 working groups 
have produced 11 seismicity models covering the entire 
Italian territory and 1 has been built ad hoc for the volcanic 
Mt Etna area. We have also modeled the subduction in the 
Tyrrhenian Sea through an ad hoc model. To avoid 
underestimation of the ground shaking in border regions, 
we have also used the seismicity models developed by 
SHARE (www.share-eu.org) to assess the seismicity rates 
outside the Italian territory. The 11 national models have 
been built using different types of sources, methods, and 
input data. Specifically, 5 models have been based on area 
sources, using a variety of seismotectonic zonations, and 
different approaches to estimate the seismicity rates; 2 
models have been based on different approaches of 
smoothed seismicity; 2 models have explicitly used faults 
as source models together with a background seismicity; 
and 2 models have been based on geodetic data. In the 
following we describe in more details the basic features of 
each single model. 
 
AREA SOURCE MODELS 
 
Model A1: The seismotectonic zonation (SZ hereafter) of 
A1 has been defined according to the regional 
seismotectonic settings and past seismicity. The 
seismotectonic conditions have been considered 
homogeneous within each area for the purposes of source 
model development. The availability of new data and 
geological studies in most of the country allows the 
definition of a new SZ model with respect to the one used 

in the past seismic hazard model for Italy (namely, the 
seismogenic zonation version 9 -SZ9- in Meletti et al 2008) 
Meletti et al., 2008). In the zones where new SZ and ZS9 do 
not show any marked difference in the geographical 
boundaries and seismotectonic characteristics, we have 
maintained the regionalization used in ZS9. Individual 
seismicity rates have been computed for each zone, using 
the parametric catalogue of Italian earthquakes (CPTI15); 
for each zone, the seismicity rate has been assessed using 
two approaches: (i) zones have been grouped into some 
macro areas to evaluate the b-value, and then it has been 
used to calculated seismicity rates into the zones according 
to a Gutenberg-Richter (GR) magnitude-frequency 
distribution; (ii) using the observed seismicity rates for 
each zone. As regards the uncertainties, the modelers 
explore the uncertainty on the maximum magnitude, 
completeness approaches (historical and statistical), and 
the different approaches to estimate the seismicity rates 
described above.  
 
Model A2: Source zones used by A2 are the same of the A4 
model described later, but A2 has adopted an original 
approach to estimate seismicity rates. The most innovative 
part of the approach consists of the joint estimation of the 
time completeness and of the seismicity rate of the 
complete part of the historical catalogue. Specifically, 
assuming that the main shocks follow a homogeneous 
Poisson process, the problem consists of analysing the 
completeness of the earthquake occurrences and 
calculating the rates for the complete part of the CPTI15 
catalogue. The issue has been tackled as a problem of 
identification, in a Bayesian framework, of the change-
point between two Poisson processes. The rate of 
occurrence of part considered as complete of the data set 
of events has been then assumed as representative of the 
long-term seismic rate occurrence. Considering both the 
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Abstract: We present the new seismicity models that are used to update the national seismic hazard model for Italy. More than 
30 researchers have contributed to the development of 12 seismicity models and to the analysis of their uncertainties. All 
modelers have worked independently, but they could access to the same common input data that include the most updated 
information about Italian seismicity (historical and instrumental), seismogenic faults, and deformation. The seismicity models 
have been built in terms of classic source areas, fault sources and gridded seismicity using different approaches and input data. 
Eleven seismicity models cover the entire Italian territory and surrounding area, whereas 1 seismicity model has been built ad 
hoc for the volcanic Mt Etna area. Seismicity rates derived from seismicity models are currently being compared with the past 
historical seismicity to verify their consistency with the data and the strength and weakness of each one of them. We also 
compare the relative forecasting performance of each model; this quantitative information, together with the outcome of an 
experts' elicitation session, is going to be used to weigh each model. 
 
Key words: National Seismic Hazard model, Seismicity models, Italy. 
 
 
In this work we present the results of the activities of a task 
(task 3: “seismicity models”) of the MPS16 project that 
aims at producing the new national probabilistic seismic 
hazard (PSH) model for Italy. In particular, the task 3 
activities have been focused on the definition of a set of 
seismicity models and on the analysis of their uncertainty. 
More than 30 researchers subdivided in 12 working groups 
have produced 11 seismicity models covering the entire 
Italian territory and 1 has been built ad hoc for the volcanic 
Mt Etna area. We have also modeled the subduction in the 
Tyrrhenian Sea through an ad hoc model. To avoid 
underestimation of the ground shaking in border regions, 
we have also used the seismicity models developed by 
SHARE (www.share-eu.org) to assess the seismicity rates 
outside the Italian territory. The 11 national models have 
been built using different types of sources, methods, and 
input data. Specifically, 5 models have been based on area 
sources, using a variety of seismotectonic zonations, and 
different approaches to estimate the seismicity rates; 2 
models have been based on different approaches of 
smoothed seismicity; 2 models have explicitly used faults 
as source models together with a background seismicity; 
and 2 models have been based on geodetic data. In the 
following we describe in more details the basic features of 
each single model. 
 
AREA SOURCE MODELS 
 
Model A1: The seismotectonic zonation (SZ hereafter) of 
A1 has been defined according to the regional 
seismotectonic settings and past seismicity. The 
seismotectonic conditions have been considered 
homogeneous within each area for the purposes of source 
model development. The availability of new data and 
geological studies in most of the country allows the 
definition of a new SZ model with respect to the one used 

in the past seismic hazard model for Italy (namely, the 
seismogenic zonation version 9 -SZ9- in Meletti et al 2008) 
Meletti et al., 2008). In the zones where new SZ and ZS9 do 
not show any marked difference in the geographical 
boundaries and seismotectonic characteristics, we have 
maintained the regionalization used in ZS9. Individual 
seismicity rates have been computed for each zone, using 
the parametric catalogue of Italian earthquakes (CPTI15); 
for each zone, the seismicity rate has been assessed using 
two approaches: (i) zones have been grouped into some 
macro areas to evaluate the b-value, and then it has been 
used to calculated seismicity rates into the zones according 
to a Gutenberg-Richter (GR) magnitude-frequency 
distribution; (ii) using the observed seismicity rates for 
each zone. As regards the uncertainties, the modelers 
explore the uncertainty on the maximum magnitude, 
completeness approaches (historical and statistical), and 
the different approaches to estimate the seismicity rates 
described above.  
 
Model A2: Source zones used by A2 are the same of the A4 
model described later, but A2 has adopted an original 
approach to estimate seismicity rates. The most innovative 
part of the approach consists of the joint estimation of the 
time completeness and of the seismicity rate of the 
complete part of the historical catalogue. Specifically, 
assuming that the main shocks follow a homogeneous 
Poisson process, the problem consists of analysing the 
completeness of the earthquake occurrences and 
calculating the rates for the complete part of the CPTI15 
catalogue. The issue has been tackled as a problem of 
identification, in a Bayesian framework, of the change-
point between two Poisson processes. The rate of 
occurrence of part considered as complete of the data set 
of events has been then assumed as representative of the 
long-term seismic rate occurrence. Considering both the 
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rates and the time when the process changes rate as 
random variables, the method computes, the entire 
probability distribution of these variables; hence it 
provided a potentially more informative result than that of 
the most-used methods. 
 
Models A3a and A3b: Two models, A3a and A3b, are here 
described together as they use the same approach to 
evaluate seismicity rates, but with different definitions of 
area sources. Both models have been based on a first- 
order geodynamic subdivision that identifies areas 
characterized by a common tectonic setting under the 
current stress regime and plate-tectonic setting. Then, 
these zones have been split into smaller zones, which have 
been drawn using two different approaches. At the end the 
two models depict a different picture of area source 
geometries. The annual rates in each zone have been 
estimated using the declustered historical catalogue 
CPTI15, considering the two completeness studies 
(historical and statistical). For each zone, the b value and 
the corner magnitude (Mc) of a Tapered GR (Pareto) 
distribution (Kagan 2002a) have been estimated with the 
maximum-likelihood algorithm by Jackson & Kagan (1999). 
Successively, annual rates of each zone have been 
partitioned onto the smaller zones. A3a and A3b have 
considered uncertainties on: completeness magnitude 
approaches, and partitioning rates approaches (from 
superzones to zones). 
 
Model A4: Source zones of A4 have designed using the 
most recent input data, in a conventional PSHA scheme. 
The main features of A4 can be summarized as follows. It 
represent an update of the previous model ZS9 (Meletti 
et al., 2008), which is the reference source model for the 
past seismicity hazard model for Italy, MPS04; it includes 
all recent advances on the understanding of the active 
tectonics of the Italian territory and on the distribution of 
seismogenic sources, which are described by the 
Database of Individual Seismogenic Sources (DISS 3.2.1) 
and other active fault compilations at the national and 
regional scales; it accounts for information that are 
derived from the investigation of the most recent seismic 
sequences that have struck Italy after the compilation of 
ZS9, such as the L’Aquila 2009, Emilia 2012, and Amatrice 
2016 earthquakes. To estimate the expected seismicity 
rates, the zones have been grouped into macro areas, 
according to their tectonic features. Assuming that the 
distribution of the earthquake magnitudes follows a 
truncated GR model, the b and a values have been 
estimated applying the Weichert (1980) approach to each 
macro area, using CPTI15. Then, the seismicity rate for 
each zone has been estimated from the rates of the 
macro areas using different approaches. For A4, the same 
procedure (Weichert, 1980) has been applied directly 
also to the zones, but imposing upper and lower bounds 
for the b-value. As regards the uncertainties, A4 accounts 
for uncertainties on: completeness studies (historical and 
statistical); corner magnitude; different approached in 
calculating the seismicity rate for each zone from the 
rates of the macro areas. 
 

FAULT-BASED MODELS 
 
Model F1: it is a fault-based seismicity model that uses 
exclusively geological information taken from the DISS 
3.2.1. Other datasets, such as earthquake catalogues, focal 
mechanisms, stress orientations, and crustal models have 
been used to constrain various parameters of the model, 
but not the seismicity rates. Although the model has been 
based solely on fault information, an empirical proximity 
function has been specifically developed to estimate off-
fault seismicity rates, i.e. the occurrence of earthquakes of 
any size away from faults. These characteristics ensured 
the independence of the seismicity rates predicted by this 
model from the earthquake catalogue. The basic idea of 
this model is that potentially seismogenic faults can 
provide a representation of the seismicity on a time frame 
much longer than that of any earthquake catalogue. The 
seismic moment rate M� s of a seismogenic fault is derived 
from the geologic moment rate, by multiplying the shear 
modulus, fault length and width, slip rate, and a coefficient 
(often referred to as seismic efficiency) that determines 
how much of the geologic rate is converted into the seismic 
rate. Using the moment conservation principle, the seismic 
moment rate of any seismogenic fault has been converted 
in the annual earthquake rate of a Tapered GR (Pareto) 
magnitude-frequency distribution (MFD) using the 
formulations by Kagan (2002a; 2002b) and assuming a 
unique Beta (a different representation of the parameter 
b) equal to 0.667 for all the faults. To evaluate off-fault 
seismicity rates F1 follows an empirical approach aimed to 
capture the natural distribution of observed earthquakes 
around faults and the inherent location uncertainty of both 
earthquakes and faults. To this aim, an Empirical Proximity 
Function (EPF), which represents the frequency at which 
any observed earthquake has occurred at any distance 
from any mapped fault, has been firstly developed. Then, 
the earthquakes predicted by the MFD described above 
are symmetrically spread around the fault according to the 
EPF. Uncertainties in the slip rate and in the value of the 
seismic efficiency have been considered in this model. 
 
Model F2: the model combines the seismic rates obtained 
by three different databases: the database of Italian 
Seismogenic Sources (DISS 3.2.1), the historical seismic 
catalogue (CPTI15) and the Instrumental catalogue. As 
regards the seismogenic sources, F2 has only considered a 
subset of 126 individual sources. For each individual 
seismogenic fault, F2 considers the following information: 
location, dimension, depth, focal mechanism, slip rate and 
maximum magnitude. The seismic moment rate of each 
individual source has been computed using the seismic-
moment conservation principle (Field et al., 1999) that 
allows the estimation of the seismic moment rate from 
long-term slip rate and geometry of the fault source. F2 
assumes that the distribution of the on-fault earthquake 
magnitudes follows a truncated GR model from a threshold 
magnitude Mw 5.5. The seismic moment rate has been 
thus partitioned and balanced over this range of 
magnitudes. F2 estimates the seismicity rate of smaller 
magnitudes using the smoothed-seismicity approach 
proposed by Frankel (1995) applied to the historical and 
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instrumental catalogues in a regular spatial grid. For cells 
of the grid that overlap the surface projection of an 
individual fault, the rates of occurrence evaluated by the 
smoothed seismicity approach from magnitude greater or 
equal than Mw5.5, have been replaced by the rates 
estimated for that individual source, taking into account 
the extension of the overlapping area. F2 considers 
uncertainties on the completeness studies for the 
historical catalogue and slip rates of the individual sources. 
 
SMOOTHING SEISMICITY MODELS 
 
Model G1: it is a smoothed seismicity model that has been 
developed using both fixed and the adaptive smoothing 
algorithms. Recent developments in adaptive smoothing 
methods and statistical tests for evaluating and comparing 
rate models prompt authors of this model to investigate 
the appropriateness of adaptive smoothing together with 
the fixed smoothing seismicity models for the new Italian 
seismic hazard maps. The gridded-seismicity model has 
been built using on both historical and instrumental 
earthquakes, assuming that larger earthquakes occur at, or 
nearby, clusters of past smaller earthquakes. G1 merges 
two different smoothed seismicity models following the 
well-known and widely applied fixed (Frankel, 1995) and 
adaptive smoothing methods. These two models have 
been merged accounting for the outcomes of likelihood 
tests. G1 follows the same procedures of previous studies 
to optimize the correlation distance (fixed smoothing) as 
well as the neighbouring number (adaptive smoothing); 
these procedures are based on likelihood scores, which 
estimate the likelihood that the observed earthquake 
epicentres from the recent catalogue are derived from the 
smoothed rate models. G1 considers the uncertainties 
associated with the weights of each smoothing scheme, 
and of the completeness of the catalogues.  
 
Model G2: the model follows the Woo (1996) approach 
and proposes a zone-free method solely based on the use 
of the earthquake catalogue. Proxy seismogenic sources 
have been “created” from the epicentral locations of the 
events that are smoothed according with their fractal 
distribution in space. The zone-free method by Woo (1996) 
of the program KERFRACT has been used to compute the 
probabilistic seismic hazard using a kernel function, which 
describes the spatial smoothing of seismicity. A grid of 
point sources (nodes) has been defined around the site of 
interest and the activity rates of each source have not been 
computed using a recurrence relationship, such as the GR 
equation, but they have been calculated from the density 
and proximity of events lying within that magnitude range. 
The contribution of each earthquake to the seismicity of 
the region has been smeared over all grid points falling 
within an epicentral distance that depends on the 
magnitude of the event itself. This magnitude-dependent 
relationship has been defined by a kernel function. 
Moreover, given the availability of some earthquake-fault 
associations in the DISS 3.2.1 database, an anisotropic 
kernel function has been used when there is a connection 
between faults and earthquakes. 
 

GEODETIC MODELS 
 
Model G3: this model estimates the seismicity rates over 
the whole Italian territory using exclusively the GPS 
velocity field. In particular, G3 has been based on the 
analysis of 919 GPS derived horizontal velocities, after 
excluding stations in volcanic areas and velocities that are 
inconsistent with regional velocity field. The strain rate 
tensor field has been calculated on a regular 0.1° x 0.1° grid 
using the VISR software (Shen et al., 2015) taking into 
account the variable station spacing for the optimal 
smoothing parameters and finally applying a Gaussian 
filter of 50 km (6-sigma width) to the scalar strain rate 
value (maximum absolute eigenvalue of the strain rate 
tensor). The model converts the strain rate in seismic 
moment rate and then to earthquake rate under the 
assumption (Kagan, 2002b; Ward, 1998) that earthquakes 
magnitudes follow a tapered Gutenberg- Richter 
distribution, where the b-value and corner magnitude are 
given. The model explores the uncertainties on the b-value 
and corner magnitude of the tapered GR relationship, and 
on values of the thickness of the seismogenic depth.  
 
Model G4: the model follows the approach proposed by Bird 
& Liu (2007), Bird et al. (2010), and Bird & Kreemer (2015), 
with some adaptations to Italy. Here for the sake of 
simplicity we describe only the calculation for a single grid-
point falling into one particular finite-element of the long-
term deformation model; in this small domain all 
parameters can be approximated as laterally constant. First 
of all, a probabilistic method to assign upper crustal 
earthquakes from the historical catalogue to their presumed 
causative faults has been used. Then, the so-collected events 
have been grouped into three sub-catalogues corresponding 
to the compressional, extensional and strike-slip fault 
classes. Then, the parameters of their GR magnitude-
frequency relations (using maximum-likelihood methods) 
have been computed. These distributions have been 
integrated to estimate the long-term seismic moment rate 
for each class. Hence to evaluate expected rate of seismicity: 
(1) the principal axes and principal values of the long-term 
strain-rate tensor have been computed and labelled by using 
GPS data; (2) based on the orientation and relative 
magnitude of the principal axes and values and rake of active 
faults, the given grid point has been characterized by a 
certain amount of strain-rate and slip-rate of the 
appropriate kinematic class (normal, reverse, strike-
slip); (3) the tectonic moment rate has been computed from 
the long-term permanent strain-rate and from long-term 
slip-rates using the coupled thickness, the elastic modulus 
and the angle for the relevant tectonic class; (4) the tectonic 
moment rates have been compared and expressed as a 
fraction of the appropriate sub-catalogue of seismicity; (5) 
the expected earthquake rate of the given grid point, for 
earthquakes above the threshold magnitude, has been 
obtained by multiplying this fraction for the rate(s) obtained 
from the earthquakes reported in the relevant sub-
catalogue; (6) the magnitude -frequency distribution of the 
expected rates has been obtained by scaling the rate 
computed in (5) using the beta and corner magnitude 
previously estimated for the relevant tectonic class. 
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instrumental catalogues in a regular spatial grid. For cells 
of the grid that overlap the surface projection of an 
individual fault, the rates of occurrence evaluated by the 
smoothed seismicity approach from magnitude greater or 
equal than Mw5.5, have been replaced by the rates 
estimated for that individual source, taking into account 
the extension of the overlapping area. F2 considers 
uncertainties on the completeness studies for the 
historical catalogue and slip rates of the individual sources. 
 
SMOOTHING SEISMICITY MODELS 
 
Model G1: it is a smoothed seismicity model that has been 
developed using both fixed and the adaptive smoothing 
algorithms. Recent developments in adaptive smoothing 
methods and statistical tests for evaluating and comparing 
rate models prompt authors of this model to investigate 
the appropriateness of adaptive smoothing together with 
the fixed smoothing seismicity models for the new Italian 
seismic hazard maps. The gridded-seismicity model has 
been built using on both historical and instrumental 
earthquakes, assuming that larger earthquakes occur at, or 
nearby, clusters of past smaller earthquakes. G1 merges 
two different smoothed seismicity models following the 
well-known and widely applied fixed (Frankel, 1995) and 
adaptive smoothing methods. These two models have 
been merged accounting for the outcomes of likelihood 
tests. G1 follows the same procedures of previous studies 
to optimize the correlation distance (fixed smoothing) as 
well as the neighbouring number (adaptive smoothing); 
these procedures are based on likelihood scores, which 
estimate the likelihood that the observed earthquake 
epicentres from the recent catalogue are derived from the 
smoothed rate models. G1 considers the uncertainties 
associated with the weights of each smoothing scheme, 
and of the completeness of the catalogues.  
 
Model G2: the model follows the Woo (1996) approach 
and proposes a zone-free method solely based on the use 
of the earthquake catalogue. Proxy seismogenic sources 
have been “created” from the epicentral locations of the 
events that are smoothed according with their fractal 
distribution in space. The zone-free method by Woo (1996) 
of the program KERFRACT has been used to compute the 
probabilistic seismic hazard using a kernel function, which 
describes the spatial smoothing of seismicity. A grid of 
point sources (nodes) has been defined around the site of 
interest and the activity rates of each source have not been 
computed using a recurrence relationship, such as the GR 
equation, but they have been calculated from the density 
and proximity of events lying within that magnitude range. 
The contribution of each earthquake to the seismicity of 
the region has been smeared over all grid points falling 
within an epicentral distance that depends on the 
magnitude of the event itself. This magnitude-dependent 
relationship has been defined by a kernel function. 
Moreover, given the availability of some earthquake-fault 
associations in the DISS 3.2.1 database, an anisotropic 
kernel function has been used when there is a connection 
between faults and earthquakes. 
 

GEODETIC MODELS 
 
Model G3: this model estimates the seismicity rates over 
the whole Italian territory using exclusively the GPS 
velocity field. In particular, G3 has been based on the 
analysis of 919 GPS derived horizontal velocities, after 
excluding stations in volcanic areas and velocities that are 
inconsistent with regional velocity field. The strain rate 
tensor field has been calculated on a regular 0.1° x 0.1° grid 
using the VISR software (Shen et al., 2015) taking into 
account the variable station spacing for the optimal 
smoothing parameters and finally applying a Gaussian 
filter of 50 km (6-sigma width) to the scalar strain rate 
value (maximum absolute eigenvalue of the strain rate 
tensor). The model converts the strain rate in seismic 
moment rate and then to earthquake rate under the 
assumption (Kagan, 2002b; Ward, 1998) that earthquakes 
magnitudes follow a tapered Gutenberg- Richter 
distribution, where the b-value and corner magnitude are 
given. The model explores the uncertainties on the b-value 
and corner magnitude of the tapered GR relationship, and 
on values of the thickness of the seismogenic depth.  
 
Model G4: the model follows the approach proposed by Bird 
& Liu (2007), Bird et al. (2010), and Bird & Kreemer (2015), 
with some adaptations to Italy. Here for the sake of 
simplicity we describe only the calculation for a single grid-
point falling into one particular finite-element of the long-
term deformation model; in this small domain all 
parameters can be approximated as laterally constant. First 
of all, a probabilistic method to assign upper crustal 
earthquakes from the historical catalogue to their presumed 
causative faults has been used. Then, the so-collected events 
have been grouped into three sub-catalogues corresponding 
to the compressional, extensional and strike-slip fault 
classes. Then, the parameters of their GR magnitude-
frequency relations (using maximum-likelihood methods) 
have been computed. These distributions have been 
integrated to estimate the long-term seismic moment rate 
for each class. Hence to evaluate expected rate of seismicity: 
(1) the principal axes and principal values of the long-term 
strain-rate tensor have been computed and labelled by using 
GPS data; (2) based on the orientation and relative 
magnitude of the principal axes and values and rake of active 
faults, the given grid point has been characterized by a 
certain amount of strain-rate and slip-rate of the 
appropriate kinematic class (normal, reverse, strike-
slip); (3) the tectonic moment rate has been computed from 
the long-term permanent strain-rate and from long-term 
slip-rates using the coupled thickness, the elastic modulus 
and the angle for the relevant tectonic class; (4) the tectonic 
moment rates have been compared and expressed as a 
fraction of the appropriate sub-catalogue of seismicity; (5) 
the expected earthquake rate of the given grid point, for 
earthquakes above the threshold magnitude, has been 
obtained by multiplying this fraction for the rate(s) obtained 
from the earthquakes reported in the relevant sub-
catalogue; (6) the magnitude -frequency distribution of the 
expected rates has been obtained by scaling the rate 
computed in (5) using the beta and corner magnitude 
previously estimated for the relevant tectonic class. 
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Mt Etna model 
For the volcanic area of Mt. Etna an ad hoc seismicity 
model has been developed. The reason is that the 
seismicity in volcanic area has specific features, which may 
be significantly different from the seismicity in tectonic 
regions, which includes also the use of different frequency-
magnitude relationship. This ad hoc model avoids to 
introduce significant biases in seismic hazard.  
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megathrust earthquakes. However, the interaction between these shallow faults and subducting plate is poorly understood 
largely due to the lack of direct observation. The 2016 Kaikōura earthquake, with most surface ruptures onshore, occurred at 
the southern end of the Hikurangi subduction zone, providing a rare opportunity to study the slip distribution and partitioning 
amongst the subduction interface and overriding faults. Here, we use satellite radar imagery and GPS records to reveal detailed 
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should cast light on understanding the connections between the subduction interface and overlying faults during megathrust 
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New Zealand straddles the Australia-Pacific plate 
boundary with east-facing Hikurangi trench in the north, 
and west-facing Puysegur trench in the southwest. The 
2016 Mw7.8 Kaikōura earthquake occurred near the 
southern termination of the Hikurangi subduction 
system, where a transition from subduction to strike-
slip motion dominates the pre-seismic strain 
accumulation (Wallace et al., 2012). The coastline is 
very close to the trench (<50km) in the earthquake area 
and dense onshore dense geodetic measurements 
provide near-field constraints to study how slip was 
distributed among the subduction interface and the 
overlying fault systems during and after the earthquake. 
 
Synthetic aperture radar (SAR) images acquired from the 
Japanese ALOS-2 and European Sentinel-1A/B satellites 
allow for identification of surface ruptures and the 
derivation of three-dimensional (3D) coseismic 
displacements (Figure 1, Wang et al., submitted). The 
satellite data also reveal post-seismic deformation on a 
large-scale in unprecedented spatial resolution (Figure 2). 
To map the rupture, pixel offsets of SAR images are 
calculated by tracking the amplitude features between 
images acquired before and after the earthquake. Pixel 
offsets measure the surface displacements in 
independent directions, and therefore are combined to 
calculate the 3D coseismic displacements. The ALOS-2 
ScanSAR interferograms that cover the entire New 
Zealand region have been processed to image the post-
seismic deformation distributed over a large spatial scale. 
 
Based on a coseismic slip model derived from seismic 
and geodetic observations, we calculate the stress 
perturbation incurred by the earthquake. We explore a 
range of possibilities of friction laws and rheology via a 
linear combination of strain rate in finite volumes and 
slip velocity on ruptured faults (Moore et al., 2017; 
Barbot et al., 2017). We obtain the slip distribution that 

can best explain our geodetic measurements using 
outlier-insensitive hierarchical Bayesian model, to 
better understand different mechanisms behind the 
localized shallow afterslip and distributed deformation. 
 
Both GPS and InSAR data show that the coseismic and 
post-seismic deformation related to the Kaikōura 
earthquake is distributed over an extraordinarily large 
area, as far as to the north tip of the North Island. Such 
surface displacement distribution indicates that 
complex interactions among the subduction interface 
and the overlying faults plays an important role during 
and after the earthquake. 
 

 
Figure 1: Three-dimensional coseismic displacement derived by 
combining Sentinel-1A/B and ALOS-2 SAR image offsets and GPS 
data. Significant surface ruptures are in black. The inset shows the 
magnitude of total surface displacement. 
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Figure 2: Large scale post-seismic displacement observed from 
ALOS-2 interferogram. 
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INTRODUCTION 
 
Archaeoseismology, the study of earthquake-caused 
damage in archaeological sites, is an important source of 
information for earthquake hazard estimation (Marco, 2008; 
Stiros, 1996; Galadini et al., 2006). It can add information 
about time, local intensities and strong ground motions, help 
define epicentral locations and possibly estimate paleo-
magnitudes. Stiros (1996) systematically described the 
criteria for the identification of earthquakes from 
archaeological data. Rodríguez-Pascua et al. (2011) detailed 
a list of earthquake archaeological effects (EAE) based on the 
seismic deformation of buildings and monuments within 
urban areas of ancient cities. Hinzen et al. (2011) introduced 
the concept of quantitative Archaeoseismology, which 
incorporated high resolution three dimensional (3D) 
structure mapping and strong ground-motion modeling in 
order to determine whether other causes rather than 
seismogenic could have been the cause of damage. 
 
EAE can be documented using many methods, from 
drawings to laser scanning. In some cases documentation 
must be performed quickly: if there are plans to excavate 
further; if the site will be restored, buried or even 
demolished. One of the new methods of documentation is 
structure from motion (SfM) – using photographs of the 
same target from different angles to construct a 3D model 
(James & Robson, 2012; Westoby et al., 2012). The 
advantages of using SfM are numerous: it is faster than any 
other method in the field; it can be very accurate if 
executed properly, using cheap equipment. Another 
advantage is that SfM can be used if the site was already 
demolished and all that is left are photos. 
 
This work presents examples from two archaeological sites 
where SfM was used to document and quantify earthquake 
damage to man-made structures. Both sites are located near 
the Dead-Sea Transform fault in Israel (Fig.1), a known 
source of powerful earthquakes in historical and recent 
times (Ambraseys, 2009; Agnon, 2014). The first site is a 
Roman theatre in Tiberias, constructed astride a normal 
fault and consequently deformed during one or more 

earthquakes. The second site is a Roman temple in Omrit 
where the Temenus pavement is deformed. In both sites the 
deformation was documented within 10 minutes, using only 
a hand-held camera and a scale bar. The photos were 
processed using Agisoft Photoscan and the resulting point 
cloud was analyzed with ArcGIS and CloudCompare. For 
each site the documented archaeoseismic evidence is 
discussed in the framework of historical earthquake records. 
 

 
Figure 1: Left: general location map. DST – Dead Sea Transform. 
Right: close-up on the region around the Sea of Galilee. Locations 
on the map are discussed in text. Active faults are marked in red. 
 
THE ROMAN THEATRE OF TIBERIAS 
 
The founding of Tiberias in the name of Emperor Tiberius by 
king Herod in 19 CE led to the establishment of a polis in the 
Galilee (Atrash, 2010). The city was built on the western 
shore of the Sea of Galilee and included several monumental 
structures such as a basilica, a bathhouse, a stadium and a 
theatre. The theatre is found in the south of the city and was 
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king Herod in 19 CE led to the establishment of a polis in the 
Galilee (Atrash, 2010). The city was built on the western 
shore of the Sea of Galilee and included several monumental 
structures such as a basilica, a bathhouse, a stadium and a 
theatre. The theatre is found in the south of the city and was 
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excavated in 2009 by the Israel Antiquities Authority (Atrash, 
2012). It was first erected during the 1st century CE, it’s 
eastern flank was damaged and consequently the theatre 
was renovated in the beginning of the 2nd century CE, as well 
as during the 4th century CE. The theatre was abandoned 
around the 6th century CE and filled with soil and rubble, 
then covered by a Fatimid and Abbasid (750-1099 CE) 
residential quarter which was placed over it (Atrash, 2012) 
and was itself abandoned in the 11th century CE. 
 
Several active faults with clear geomorphic expression at 
the surface were mapped on the western flanks of the Sea 
of Galilee (Sagy et al., 2016, Ferrario et al., 2014a). One of 
those normal faults cuts through the theatre at a 140°N 

strike and is likely the source of the damage that was 
described by Ferrario et al. (2014b) – tilting, offset 
structures with vertical displacement, open cracks and 
small lateral displacements. While trenching revealed 
inconclusive faulting evidence, Ferrario et al. (2014b) 
suggest that the alignment of vertical deformation in the 
theatre and additional structures in the Polis is in 
agreement with faulting rather than landslide or 
liquefaction mass movement related deformation. 
 
For this study a 3D model was created for two locations 
inside the theatre: the north wall and the benches. The 
north wall model was made of 20 photos (Fig. 2). The 
contacts between the masonry basalt blocks are used to 

 
Figure 2: The SfM-derived model of the north wall of the theatre in Tiberias. The yellow dots were picked along previously levelled horizons. For 
each line, vertical offset and error were estimated using the average vertical location of the picked points E and W of the deformed zone. 
 

 
Figure 3: Top: The SfM-derived point cloud of the theatre benches. Selected points for displacement measurements are coloured by relative 
elevation within each bench. The cracks are marked in red. Bottom: an E-W projection of the picked points along the benches and calculated 
vertical offsets. The black line is an average of the points. a is the vertical offset between bench levels at the two side of the deformation zone. 
b is the maximum vertical offset. The total station points were measured just below bench 4. 
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measure lateral and vertical offsets of 4 profiles and the 
results compared with a Total Station (TS) survey that was 
previously conducted at the site (Kats, unpublished data). 
The vertical offset measured from the model is 62-64 cm 
(down to the east), identical to the offsets measured by the 
TS. The benches are part of the theatre structure, built in a 
semi-circle facing NNE. The TS survey included only one 
row of benches, whereas this study used a 3D point cloud 
constructed from 20 photos and picked the edges of 5 
benches (Fig. 3). A 5 cm buffer both in the horizontal (E-W) 
and vertical planes was used to overcome uncertainties 
due to the removal of masonry stones and vegetation 
obscuration, and the points were projected onto an E-W 
plane to determine offsets and uncertainties. There are 2 
visible cracks that run through the upper bench area, and 
east of them there is a small graben, about 4-5 m wide, 
which displaced the benches by 46-59 cm. The E side of the 
benches is only downthrown by 22-40 cm compared to the 
W side, and no lateral offsets were detected although 
offsets smaller than 5 cm would not be measurable. The TS 
survey measured vertical offset was 54 cm, in excellent 
agreement with SfM-derived results. 
 

 
Figure 4: The Temenus pavement at Omrit with mapped damage. 
Rose diagram shows tile-crossing cracks (light blue) orientations. 
 
Based on the mapped offsets and archaeological evidence, 
the offset can be a result of one or more damaging 
earthquakes. The theatre was reconstructed several times 
yet the exposed damage appears too severe to have been 
left alone if the theatre was in use, making it reasonable to 
assume that it can be mostly attributed to the post-
abandonment earthquake of 749 CE. The sediment fill 
above the theatre is also deformed (Fig. 2) but the younger 

structures above had no significant vertical offsets, 
although small cracks were visible in the deformation zone. 
During the mid-8th century CE there are reports of 2-3 
different earthquakes that affected a large area from Egypt 
to Turkey (Ambraseys, 2005). The earthquake of 749 CE 
was very strong (estimated M7.0) and caused extensive 
damage in the region, including the destruction of Tiberias 
and Beit-She’an (Scythopolis). Many neighboring villages 
were also abandoned at the same time, such as Sussita and 
Qanatir (Wechsler et al., 2008, Wechsler & Marco, 2017). 
There is evidence of surface rupture on the western shore 
of the Sea of Galilee (Marco et al., 2003) and near Jericho 
(Reches and Hoexter, 1981) that can be correlated with 
this earthquake. Based on Wells & Coppersmith (1994) a 
maximum offset of 64 cm on a normal fault is correlative 
to a M6.3 earthquake and a 4 km long fault, in agreement 
with mapped fault extent (Sagy et al. 2016). 
 

 
Figure 5: DEM model of the pavement. The blue line marks the 
location of the height profile (bottom). Reconstructed temple 
façade from Stoehr (2011). 
 
THE ROMAN TEMPLE COMPLEX AT OMRIT 
 
The archaeological site of Omrit is located in the foothills 
of the Hermon mountains, on the eastern side of the Hula 
valley and in close proximity to the Sion-Azaz fault 
segments of the Dead-Sea fault in northern Israel (Fig. 1). 
The site has been excavated by the Macalester college 
since 1999. In it is an extremely well preserved temple 
complex from Roman times. The temple was built in the 
beginning of the 1st century CE (probably by King Herod to 
honor Augustus Caesar), and was later renovated and 
enlarged at the beginning of the 2nd century. The damage 
that instigated the renovation of the temple at that time, 
and again during the late Roman period/early byzantine 
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period, was suggested to be the result of damaging 
earthquakes (Stoehr, 2011). Stoehr describes evidence for 
earthquake damage which includes fallen columns, 
fissuring of floors, and destruction layers well dated to the 
4th century CE. Additional evidence include broken corners 
in masonry blocks, pop-up arrays of flagstones and 
shattered pavement in the surrounding Temenos (Fig. 4). 
Stoehr also describe the later temple as built with 
earthquake resistant features. However, he is reluctant to 
attribute the damage to the second temple solely to 
seismic ground movements, claiming that the pattern of 
fallen columns does not fit a “sequenced collapse” and 
suggesting that the observed rubble is the result of 
purposeful scavenging for reuse of materials. Stoehr claims 
that the different directions of the depressions in the 
pavement points away from earthquake activity, because 
an earthquake will typically topple a colonnade so that the 
columns are parallel. He suggests that the temple façade 
has been deliberately toppled by pulling the columns out 
and causing the architrave to collapse. Based on the above, 
Stoehr concludes that an earthquake damaged the temple 
and rendered it nonfunctional without completely leveling 
it, which then created an opportunity for material removal. 
 
In order to quantify damage to the Temenus pavement, a 
3D model was reconstructed using 40 photos. The resulting 
high resolution orthophoto (0.5 mm per pixel) was used for 
mapping crack orientations (Fig. 4), and the point cloud 
was used to construct a 1 cm per pixel DEM model of the 
pavement (Fig. 5). The crack orientations are almost 
identical to the pavement layout direction, as many cracks 
cross the flagstones perpendicularly. Silva et al. (2009) 
documented similar patterns in the pavement of the forum 
of Baelo Claudia, attributed to the direction of ground 
shortening, which cannot be ruled out at Omrit either, 
given the N-S direction of the neighboring strike-slip fault. 
The flagstone pop-up and subsidence is on the order of 10 
cm, and there is a clear pattern emerging from the 
geometry of the disturbance. In fact, the pattern fits with 
a collapse of the temple façade to the NE, based on 
reconstructed façade drawing (Fig. 5). It would stand to 
reason that had the façade been intentionally demolished, 
it would have fallen to the SE, perpendicular to the building 
front. It is therefore suggested that the pattern of 
pavement deformation indicates a seismically induced 
collapse that was probably controlled by the structure of 
the building as a whole (walls, columns, architrave, ceiling 
etc.). For example, an inward collapse of the SW walls 
would have pushed the façade out at an angle. The 
direction of collapse is not necessarily indicative of the 
direction of ground motion polarization, as shown by 
Hinzen (2009) for the case of columns with a roof 
construction above. A model of the toppled façade can be 
used to elucidate ground motion intensities at the site and 
contribute to hazard evaluation along the DST. 
 
Additional evidence for typical archaeoseismic damage at 
Omrit supports the theory that the temple’s destruction in 
the 4th century was earthquake-caused. The best candidate 
is the 363 CE quake, which was widely felt and caused 
damage from Banias in the north to Gaza in the south, and 

perhaps even in Petra (Ambraseys, 2009, Russel, 1980). 
Omrit is a mere 4 km away from Banias, which makes it 
likely to have suffered at least partial destruction. 
 
CONCLUSIONS 
 
Two archaeological sites with suspected seismic damage 
were documented rapidly and inexpensively yet precisely 
using SfM. The results of this study’s high-resolution 
damage mapping can be used for future studies of 
earthquake hazard in northern Israel, and the method can 
be utilized in any archaeological setting, even during an 
excavation, by inexperienced users. 
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Abstract: Over the past three decades research focused on earthquakes in Stable Continental Regions has suggested the 
occurrence of earthquakes on faults typically consists of periods of clustered activity separated by long (105-106 yr) intervals of 
quiescence. This interpretation is based on paleoseismological data gathered from faults mostly from Australia and the central 
eastern United States. Understanding earthquake occurrence behaviour is critical for accurately modelling seismic hazard, 
especially in Stable Continental Regions where seismicity data and fault specific geologic data are often lacking. The question 
we address is whether the reported clustering behaviour of large earthquakes on faults in Stable Continental Regions is borne 
out in the paleoseismological and historical record of surface rupturing events. This paper presents a summary and comparison 
of the data and interpretations that have advanced the clustering and quiescence (C&Q) occurrence model with data on faults 
that do not demonstrate C&Q behaviour. Although there is some evidence to suggest some faults may exhibit C&Q behaviour, 
most Stable Continental Region faults do not show evidence of this style of earthquake occurrence. Most faults in Stable 
Continental Regions with historical or paleoseimological data for surface rupturing events have evidence for only one event. 
Therefore, individual earthquake recurrence intervals and fault slip rates are unconstrained. 
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INTRODUCTION 
 
The current model for earthquake occurrence in Stable 
Continental Regions (SCR) was first posited by Crone et al. 
(1997) in reference to their earlier paleoseismological work 
on faults in Australia and the eastern U.S. The authors state: 
 

“Palaeoseismic investigations of recent faulting in 
stable continental regions of Australia, North 
America and India show that these faults typically 
have a long-term behaviour characterized by 
episodes of activity separated by quiescent 
intervals of at least 10,000 and commonly 100,000 
years or more.” 

 
Subsequently the concepts behind this assertion have 
established themselves as the working model for how 
SCR faults behave (e.g., Crone et al., 2003; Estrada et al., 
2006; Clark et al., 2011; 2012). In this paper we review 
the paleoseismic data and interpretations behind the 
C&Q model and provide an updated list of data on 
earthquake recurrence from SCRs, including data from 
Africa. We evaluate these data in order to understand the 
basis for the C&Q model and if the model is truly 
representative of SCR fault behaviour. 
 
Background 
The surface rupturing 1986 Mw 5.7 Marryat Creek 
earthquake and 1988 Mw 6.6, 6.3., 6.2, Tenant Creek 
earthquake sequences that occurred in Australia 
perplexed the seismic hazard community in that both 
sequences occurred in areas without previous historical 
seismicity and neither contained geomorphological 

indicators that the faults had hosted previous large 
magnitude earthquakes. Paleoseismological studies of 
these faults led to a series of papers by researchers at the 
USGS that documented the paleo-earthquake history of 
the faults (e.g., Crone et al. 1992; Machette et al., 1993). 
Years later, Crone et al. (1997) synthesized the results of 
these studies along with other SCR faults and presented 
a new model for large magnitude earthquake recurrence 
in SCRs. Data on faults associated with the historical 
Tennant Creek, Marryat Creek, and Meckering 
earthquakes in Australia, the Killari event in India, the 
Ungava event in eastern Canada, and the Meers and 
Cheraw faults in the U.S. were presented (Table 1). 
 
Table 1. Data cited by Crone et al. (1997) for C&Q behaviour. 

Fault/EQ Number of rupture events (age) 
Tennant Creek 3 (1988) ? (Precambrian>100 ka) 
Marryat Creek 1 (1986) ? (Precambrian>50 ka) 
Meckering 1 (1968) ? (“ancient”) 
Killari 1 (1993) 
Ungava 1 (1989) 1 (<Archean) 
Meers 1 (1 ka) 1 (3 ka) ? (>130 ka) 
Cheraw 1 (8 ka) 1 (12 ka) 1 (25-20 ka) 

 
In summary, none of the five faults that hosted historical 
events exhibit evidence for multiple late Quaternary 
events or earlier clustered activity. In addition, the two 
faults that had multiple late Quaternary events have no 
evidence for earlier earthquakes or clustering. Indeed the 
sparseness of these data (five faults with one event, and 
two faults with two events) do not strongly support the 
clustering earthquake occurrence model. 
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the paleoseismic data and interpretations behind the 
C&Q model and provide an updated list of data on 
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basis for the C&Q model and if the model is truly 
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earthquake sequences that occurred in Australia 
perplexed the seismic hazard community in that both 
sequences occurred in areas without previous historical 
seismicity and neither contained geomorphological 

indicators that the faults had hosted previous large 
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these faults led to a series of papers by researchers at the 
USGS that documented the paleo-earthquake history of 
the faults (e.g., Crone et al. 1992; Machette et al., 1993). 
Years later, Crone et al. (1997) synthesized the results of 
these studies along with other SCR faults and presented 
a new model for large magnitude earthquake recurrence 
in SCRs. Data on faults associated with the historical 
Tennant Creek, Marryat Creek, and Meckering 
earthquakes in Australia, the Killari event in India, the 
Ungava event in eastern Canada, and the Meers and 
Cheraw faults in the U.S. were presented (Table 1). 
 
Table 1. Data cited by Crone et al. (1997) for C&Q behaviour. 

Fault/EQ Number of rupture events (age) 
Tennant Creek 3 (1988) ? (Precambrian>100 ka) 
Marryat Creek 1 (1986) ? (Precambrian>50 ka) 
Meckering 1 (1968) ? (“ancient”) 
Killari 1 (1993) 
Ungava 1 (1989) 1 (<Archean) 
Meers 1 (1 ka) 1 (3 ka) ? (>130 ka) 
Cheraw 1 (8 ka) 1 (12 ka) 1 (25-20 ka) 

 
In summary, none of the five faults that hosted historical 
events exhibit evidence for multiple late Quaternary 
events or earlier clustered activity. In addition, the two 
faults that had multiple late Quaternary events have no 
evidence for earlier earthquakes or clustering. Indeed the 
sparseness of these data (five faults with one event, and 
two faults with two events) do not strongly support the 
clustering earthquake occurrence model. 
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DISCUSSION 
 
Fault recurrence data in SCR 
The source data from paleoseismological studies of 31 SCR 
faults are compiled in Table 2. Equivocality of the event, 
age, or both is indicated by italics. Magnitude values 
presented in italics are estimated by the report authors 
using empirical relations, others are from instrumental 
earthquake records. 
 
We do not include the results of a number of studies of faults 
within the central European Cenozoic rift system (e.g., Roer 
and Rhine graben faults), or faults related to the Alpine 
orogenic belt (e.g., France: Trevaresse), although these 
structures are within regions mapped as SCR (e.g., Woessner 
et al., 2015). We believe that their designation as SCR faults 
should be reconsidered as has been done in SE Asia (Wheeler, 
2011) and Western Australia (Whitney, 2015) given 
consideration for the criteria defining a SCR (Johnston et al., 

1994), the slip rates associated with some of these structures, 
and the mechanisms driving deformation in these regions—
compared with SCR faults overall. 
 
Eighteen of the faults compiled in this review have evidence 
for only one morphogenic earthquake event (60%). Three 
faults have evidence for one and possibly more events (9%). 
Six of the faults have evidence for two and possibly more 
events (19%). Three faults have evidence for three or more 
events (9%) and one fault has evidence for neotectonic 
activity but no data on event history (3%). 
 
The equivocal nature of some interpretations (italicised in 
Table 2) reflects the uncertainty from the primary source 
publications; it does not reflect our judgment. In some 
instances (e.g., Estrada, 2009), a range of alternative 
interpretations are provided and in some instances the 
authors directly speculate (e.g., Crone et al., 1997) about 
the occurrence and/or timing of events. 

 
Table 2. Historical and paleo-earthquake events on SCR faults. Letter designation next to age corresponds to author in reference list. 

Fault/EQ Number of rupture 
events and age Magnitude Kinematic Length 

(km) Slip Rate (mm/yr) C&Q 
evidence 

Australia 
Ernabella 1 (2012)N Mw 5.4  Reverse 1.6 - No 
Williamstown-
Meadows 

1 (between ~61-41 ka) O Mw 6.8 Reverse 38 - No 

Alma fault 1 (Quaternary?)O Mw >7.0 Reverse 93 - No 
Eden Burnside 1 (<120ka)O Mw >7.0 Reverse 53 - No 
Para 1 (<300ka)P,O Mw >7.0 Reverse 43 0.2-0.8 mm/yr to 

0.04-0.0.16mm/yr 
Inconclusive 

Tennant Creek 1 (1988)E, Y Mw 6.6, 6.3, 6.2 Reverse 32 - No 
Milendella 1 (22-7.5ka)F - Reverse 54 - No 
Meckering 1 (1968)A Mw 6.5 Reverse 37 - No 
Burra 1 (>83ka)H - Reverse 57.2 - No 
Mundi Mundi 1 (>59ka)H - Reverse 160 - No 
Cadoux 1 (1979)K Mw 6.1 Reverse 15 - No 
Calingiri 1 (1970)A Mw 5.7 Reverse 3.5 - No 
Marryat Creek 1 (1986)L, Y Mw 5.7 Reverse 13 - No 
Willunga 1 (>32ka) F Mw >7.0 Reverse 45 - No 
Cobble 1 (unknown)H 

Mw 6.6-7.3 Reverse-
oblique 59 

  
Knickpoint 1 (<12ka)H  

No Wilkatana North 1 (32-29ka); 1 (67-32ka)H 0.02-0.03mm/yr to 
0.036-0.051 mm/yr Wilkatana South 1 (<80ka)H 

 these may all be different segments of the same fault. 
Roopena 1 (~27ka); 1 (~100ka); 1 (older)C - Reverse 29.5 - Inconclusive 
Lort River 1 (~13-7ka); 1 (~35-29ka); 

1 (216-120ka)D 
Mw ~7.0 Reverse 40 ~0.1 mm/yr Possible 

Dumbleyung 1 (~9-8ka); 1 (~24-15ka); 
1 (~120-24ka)D 

Mw ~7.0 Reverse 35.7 0.13-0.3 mm/yr No 

Hyden 1 (~30ka); 1 (55-50ka);  
1 (Tertiary>1Ma)C 

- Reverse 30 - Inconclusive 

1 (55-50ka); 1 (100-90ka); 
1 (>200ka)B 

Mw ~6.8 Reverse 32 <0.01-0.03 mm/yr Inconclusive 

Lake Edgar 1 (18ka); 1 (28ka); 1 (48-61ka)I, J Mw 6.8-7.0 Reverse 46 0.11-0.24 mm/yr No 
Cadell 3 (~70ka-45ka); 3 (~45-20ka); 

? (Mio-Plio to Quaternary)M, X 
Mw 7.3-7.5 Reverse 80 0.4-0.5mm/yr to 

0.005-.01 mm/yr 
Probable 

Lake George See Clark et al., this volume Mw 7.4 Reverse 75 See reference ProbableP 

North America 
Ungava 1 (1989)Q Ms 6.3; mb 6.2 Reverse-

sinistral 
10 - No 

Cheraw 1 (8ka); 1 (12ka); 1 (25-20ka)Q - Reverse 44 <0.01 mm/yr No 
Meers 1 (1ka); 1 (3ka); ? (>130ka)R, S, W - Reverse-

oblique 
26-37 - No 

Africa 
Kangoo (S.A.) 
eastern segment 1 (10ka)T ; 1 (~24ka); ? (>350ka)U 

Mw 6.6-7.4 Normal 
42-51 

See reference Possible 
western segment 1 (4.5ka); 1 (10ka) U 50 
Hebron (Namibia) ? (Quaternary)V - Normal 300 - Inconclusive 
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Our assessment of the evidence for C&Q behaviour is 
presented in the last column of Table 2. Evidence for C&Q 
behaviour is assessed based on the data presented in the 
primary source publications, which considers the number of 
events, age-control, long-term tectonic geomorphological 
indicators, etc. Our assessment honours the data as 
presented, but it may differ from the “preferred 
interpretation” of some of the primary report authors. 
 
Faults with evidence for the C&Q recurrence model 
The Cadell fault in Australia is the only fault identified during 
this review that exhibits evidence consistent with the C&Q 
model (Clark et al., 2015; Clark et al., this volume). Clark et al. 
(2015) suggest as many as six morphogenic events occurred 
on the fault between 70-20ka. Based on the interpretation of 
geophysical data they suggest that previously similar amounts 
and styles of displacement occurred on the fault sometime 
between the Miocene and Quaternary. 
 
Several others of the reviewed faults may exhibit C&Q 
behavior, but the data are inconclusive. For instance, 
tectonic geomorphologic data may provide information to 
deduce long-term slip rates that are inconsistent with 
more recent slip rates derived from paleoseismological 
studies. However, this observation alone does not 
constitute C&Q occurrence behavior. 
 
Alternative SCR earthquake occurrence behaviour 
The data summarized in this review broadly show a general 
pattern. Most (60%) of the earthquakes in the historic and 
paleoseismological record that ruptured SCR faults are 
one-off events. The apparent one-off behaviour could be 
attributed to myriad processes beyond the scope of this 
short summary. However, whether one-offs are indicative 
of isolated strain or a more complex interplay of processes 
over broad temporal and spatial scales should continue to 
be investigated. 
 
The problem of limiting age constraints and vastly different 
yet accurate interpretations of the same data 
A consistent pattern we observed during this review involves 
an assumption made by most authors that a prior 
earthquake must have occurred on a given fault. This 
assumes SCR fault behavior is consistent with plate-
boundary style stick-slip seismic cycles albeit at lower rates. 
However, alternative hypotheses for long-term SCR 
occurrence have been postulated. Recently, questions have 
been raised regarding the applicability of the concept of 
recurrence to SCR earthquakes (Calais et al., 2016; Craig et 
al., 2016)). These authors suggest that SCR seismicity is a 
product of perturbations to a relic crustal stress state and 
not directly related to ongoing (long-lived) tectonic loading. 
Therefore, SCR events are likely transient and need not 
repeat on an individual structure. Alternatively, the recent 
onset of fault activation or change in stress state has been 
suggested for structures in the SCR of western Australia (e.g., 
Hengesh and Whitney, 2016), thereby limiting the 
availability of a long-term paleoseismic record or significant 
tectonic geomorphology to develop (Whitney et al., 2015). 
 
A characteristic of large SCR earthquakes is that they tend 
to reactivate older structures. These older structures 
developed prior to the neotectonic period; typically they 
are Mesozoic, Paleozoic or older features (Clark et al., 
2011; 2012). However, the age of the host structure is 
effectively irrelevant to the earthquake occurrence 

behaviour within periods of interest for seismic hazard 
assessments (10-5 yrs). 
 
The assumption that plate boundary style stick-slip 
earthquake occurrence behaviour is applicable to large 
earthquakes on SCR faults has contributed to the 
preferred earthquake occurrence models for many of the 
faults assessed in this review. A few examples of 
preferred interpretations indicating this assumption are 
presented below. 
 
The Tennant Creek earthquakes: Crone et al., (1992) 
document that the earthquake sequence ruptured a pre-
existing fault in Precambrian bedrock. All of the materials 
overlying the bedrock host the single episode. The oldest 
faulted sediments overlying the bedrock are ~100 ka. The 
authors conclude that a previous event must have 
occurred prior to 100 ka. An equally plausible 
interpretation given the data is that there was an 
earthquake sequence in 1988 and one previously, 
sometime since the Precambrian. The implications of these 
differences are considerable. One suggests there are 
multiple events related to the same tectonic regime and 
suggests evidence exists for long periods of seismic 
quiescence; one does not. 
 
The Meers fault exhibits data that can be summarized as 
follows: displacement values measured in materials aged 
32 ka and 130 ka are the same. There is no evidence for any 
rupture prior to the 32 ka event. A plausible interpretation 
of these data is that the late Quaternary earthquake record 
preserved on this fault is younger than 32 ka—in actuality 
younger than mid-Holocene. However, the authors assume 
that an older event must have occurred and based on a lack 
of progressive deformation to Quaternary sediments it 
must have occurred prior to 130 ka (Crone and Luza, 1990). 
 
The difficulty of interpreting SCR fault behaviour is further 
illustrated by multiple event sequences interpreted on the 
Cheraw fault. During the assessment of seismic hazard in the 
central eastern United States (EPRI, 2012), three interpreted 
events on the Cheraw fault (Crone et al., 1997) were 
requalified to be maybe 2 or 3 events (0.4 and 0.6 weights 
on the Probabilistic Seismic Hazard Analysis (PSHA) logic 
tree, respectively) in part due to communication with the 
original report author who acknowledged that the evidence 
for the third event was less definitive. 
 
As pointed out by Calais et al (2016) the traditional view is 
that SCR faults behave in a similar manner to their plate 
boundary counterparts albeit with loading rates, strain 
rates, and recurrence an order of magnitude or more, 
lower. However, examination of these 31 case studies 
suggests that at most locations only one event has been 
recorded. There are only 12 cases with multiple events, 
and even fewer cases where the data are sufficient to 
defined a clear case of C&Q behaviour. 
 
IMPLICATIONS FOR PSHA 
 
The significance of having a defensible event chronology 
cannot be understated for regions with such limited 
seismicity, paleoseismological information, and poorly 
constrained slip rates and recurrence. Indeed an “extra” event 
can affect the earthquake recurrence rates by an order of 
magnitude. Similarly, because of the acceptance of the C&Q 
earthquake occurrence model some PSHAs model SCR faults 
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Our assessment of the evidence for C&Q behaviour is 
presented in the last column of Table 2. Evidence for C&Q 
behaviour is assessed based on the data presented in the 
primary source publications, which considers the number of 
events, age-control, long-term tectonic geomorphological 
indicators, etc. Our assessment honours the data as 
presented, but it may differ from the “preferred 
interpretation” of some of the primary report authors. 
 
Faults with evidence for the C&Q recurrence model 
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behavior, but the data are inconclusive. For instance, 
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more recent slip rates derived from paleoseismological 
studies. However, this observation alone does not 
constitute C&Q occurrence behavior. 
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pattern. Most (60%) of the earthquakes in the historic and 
paleoseismological record that ruptured SCR faults are 
one-off events. The apparent one-off behaviour could be 
attributed to myriad processes beyond the scope of this 
short summary. However, whether one-offs are indicative 
of isolated strain or a more complex interplay of processes 
over broad temporal and spatial scales should continue to 
be investigated. 
 
The problem of limiting age constraints and vastly different 
yet accurate interpretations of the same data 
A consistent pattern we observed during this review involves 
an assumption made by most authors that a prior 
earthquake must have occurred on a given fault. This 
assumes SCR fault behavior is consistent with plate-
boundary style stick-slip seismic cycles albeit at lower rates. 
However, alternative hypotheses for long-term SCR 
occurrence have been postulated. Recently, questions have 
been raised regarding the applicability of the concept of 
recurrence to SCR earthquakes (Calais et al., 2016; Craig et 
al., 2016)). These authors suggest that SCR seismicity is a 
product of perturbations to a relic crustal stress state and 
not directly related to ongoing (long-lived) tectonic loading. 
Therefore, SCR events are likely transient and need not 
repeat on an individual structure. Alternatively, the recent 
onset of fault activation or change in stress state has been 
suggested for structures in the SCR of western Australia (e.g., 
Hengesh and Whitney, 2016), thereby limiting the 
availability of a long-term paleoseismic record or significant 
tectonic geomorphology to develop (Whitney et al., 2015). 
 
A characteristic of large SCR earthquakes is that they tend 
to reactivate older structures. These older structures 
developed prior to the neotectonic period; typically they 
are Mesozoic, Paleozoic or older features (Clark et al., 
2011; 2012). However, the age of the host structure is 
effectively irrelevant to the earthquake occurrence 
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faults assessed in this review. A few examples of 
preferred interpretations indicating this assumption are 
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The Tennant Creek earthquakes: Crone et al., (1992) 
document that the earthquake sequence ruptured a pre-
existing fault in Precambrian bedrock. All of the materials 
overlying the bedrock host the single episode. The oldest 
faulted sediments overlying the bedrock are ~100 ka. The 
authors conclude that a previous event must have 
occurred prior to 100 ka. An equally plausible 
interpretation given the data is that there was an 
earthquake sequence in 1988 and one previously, 
sometime since the Precambrian. The implications of these 
differences are considerable. One suggests there are 
multiple events related to the same tectonic regime and 
suggests evidence exists for long periods of seismic 
quiescence; one does not. 
 
The Meers fault exhibits data that can be summarized as 
follows: displacement values measured in materials aged 
32 ka and 130 ka are the same. There is no evidence for any 
rupture prior to the 32 ka event. A plausible interpretation 
of these data is that the late Quaternary earthquake record 
preserved on this fault is younger than 32 ka—in actuality 
younger than mid-Holocene. However, the authors assume 
that an older event must have occurred and based on a lack 
of progressive deformation to Quaternary sediments it 
must have occurred prior to 130 ka (Crone and Luza, 1990). 
 
The difficulty of interpreting SCR fault behaviour is further 
illustrated by multiple event sequences interpreted on the 
Cheraw fault. During the assessment of seismic hazard in the 
central eastern United States (EPRI, 2012), three interpreted 
events on the Cheraw fault (Crone et al., 1997) were 
requalified to be maybe 2 or 3 events (0.4 and 0.6 weights 
on the Probabilistic Seismic Hazard Analysis (PSHA) logic 
tree, respectively) in part due to communication with the 
original report author who acknowledged that the evidence 
for the third event was less definitive. 
 
As pointed out by Calais et al (2016) the traditional view is 
that SCR faults behave in a similar manner to their plate 
boundary counterparts albeit with loading rates, strain 
rates, and recurrence an order of magnitude or more, 
lower. However, examination of these 31 case studies 
suggests that at most locations only one event has been 
recorded. There are only 12 cases with multiple events, 
and even fewer cases where the data are sufficient to 
defined a clear case of C&Q behaviour. 
 
IMPLICATIONS FOR PSHA 
 
The significance of having a defensible event chronology 
cannot be understated for regions with such limited 
seismicity, paleoseismological information, and poorly 
constrained slip rates and recurrence. Indeed an “extra” event 
can affect the earthquake recurrence rates by an order of 
magnitude. Similarly, because of the acceptance of the C&Q 
earthquake occurrence model some PSHAs model SCR faults 
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as either being “in cluster” or “out of cluster” (e.g., Bommer et 
al., 2014). A fault that is “in cluster” can have a slip rate an 
order of magnitude or more greater than the long term slip 
rate of the fault. Therefore, assessing whether a fault is “in 
cluster” or “out of cluster” becomes a critical input for the 
model. However, identifying whether a fault is in a clustered 
behaviour mode appears unachievable for most faults given 
the resolution of the data assessed in this review. Simply, 
there are not enough data to establish a coefficient of 
variation for earthquake recurrence on most SCR faults. 
 
This paper provides a condensed summary of the 
paleoseismological and historical data for large magnitude 
earthquakes in SCR. Based on the 31 locations presented in 
the paper, the C&Q model is supported by only a small 
percentage of the data and there remain large uncertainties in 
how to characterize earthquake occurrence in SCR regions for 
hazard assessments. There is some evidence that supports the 
C&Q model (e.g. Clark et al, 2015), however the data do not 
exist to favour this over an alternative model for SCR faults. 
 
The standard of practice in PSHA for SCR is to capture the 
epistemic uncertainty in earthquake occurrence models by 
considering both the Poisson and C&Q earthquake 
occurrence models. The applicability of the C&Q model, 
based on the available data, should be considered when 
assigning weights to the alternative "style of earthquake 
occurrence" branches of the logic tree. 
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Abstract: Paleoearthquake data from the Cholame segment of the San Andreas fault (SAF) are important for testing earthquake 
recurrence models along the central SAF. Slip per event or paleosurface rupture information coupled with tightly constrained 
event age control is needed to build a catalog of paleoearthquakes between the Parkfield and Carrizo sections of the SAF. We 
excavated 2 fault-perpendicular and 1 parallel trenches ~20 km southeast of Highway 46 in the Cholame segment. We present 
evidence for 6 ground rupturing events and 1 post-1857 ground shaking event, spanning a similar timeline with other 
paleoseismic sites on the southern San Andreas Fault. Further excavation of the Annette site is planned for Fall 2017. 
 
Key Words: paleoseismology, active tectonics, San Andreas, Cholame, earthquake recurrence  
 
 
INTRODUCTION 
 
The Cholame segment of the southern San Andreas fault 
(SAF) is significant because it records the interaction 
between the creeping Parkfield segment to the northwest 
and the locked Carrizo segment to the southeast. Offset 
distributions have been reconstructed along this ~75 km 
long fault reach (Figure 1), but a more complete 
understanding of past ruptures for the Cholame section has 
not been forthcoming. Given its central position along the 
SAF, this lack of information places significant limitations on 
evaluating seismic hazard. New paleoseismic data on 
earthquake recurrence will lead to a better understanding of 
past rupture behavior and earthquake hazard analysis. 
 
Large gaps in the paleoearthquake record and various 
interpretations of past earthquake offset pose challenges to 
modeling past fault behavior along the Cholame segment of 
the SAF. Sieh’s extensive measurements (1978a) of 
geomorphic offsets along the Cholame segment of the SAF 
implied a characteristic slip of 3-4 m during the 1857 rupture 
and prior events. Re-investigation of surface offsets revised 
the estimates of 1857 offset along Cholame upward to 4-6 
m (Lienkaemper, 2001: Zielke 2010, 2012). Three 
dimensional reconstruction of an offset gravel sheet at LY4 
along the Cholame segment showed 3 m offset in 1857 
across a few meter aperture (Young, et al., 2002). Current 
rupture models for the Cholame segment are constrained 
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Abstract: Paleoearthquake data from the Cholame segment of the San Andreas fault (SAF) are important for testing earthquake 
recurrence models along the central SAF. Slip per event or paleosurface rupture information coupled with tightly constrained 
event age control is needed to build a catalog of paleoearthquakes between the Parkfield and Carrizo sections of the SAF. We 
excavated 2 fault-perpendicular and 1 parallel trenches ~20 km southeast of Highway 46 in the Cholame segment. We present 
evidence for 6 ground rupturing events and 1 post-1857 ground shaking event, spanning a similar timeline with other 
paleoseismic sites on the southern San Andreas Fault. Further excavation of the Annette site is planned for Fall 2017. 
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Stone et al. 2002, and Young et al. 2002. While no significant 
surface slip has been reported along the Cholame section 
since 1857, subsequent Parkfield events and creep have 
terminated around Highway 46 (northwest end of Cholame 
segment), and Young et al., 2002 report possible surface 
cracking at LY4 (35 km southeast of Highway 46). 
 
This prompted the investigation of the LY4 paleoseismic site 
by Stone et al. 2002, and Young et al. 2002. While no 
significant surface slip has been reported along the Cholame 
section since 1857, subsequent Parkfield events and creep 
have terminated around Highway 46 (northwest end of 
Cholame segment), and Young et al., 2002 report possible 
surface cracking at LY4 (35 km southeast of Highway 46). 
Young et al.’s measurement of 3.0±0.7 m slip on the 1857 
earthquake is much smaller than the offsets measured on 
the neighboring Carrizo segment, and much larger than the 
Parkfield segment to the northwest, which suggests 
differences in fault properties (Sieh, 1978a; Hilley, et al., 
2001). Young et al., 2002 interpreted 3 ground rupturing 
events, one of which was the 1857 event, followed by 
possible surface cracking. This corresponds with Stone et 
al.’s (2002) interpretation of 2 to 4 ground rupturing events, 
and provides a recurrence interval of 290-410 years. This 
longer recurrence rate differs from the hypothesis of more 
rapid Cholame recurrence intervals (Sieh and Jahns, 1984; 
Young et al. 2002) derived from assumed lower slip/event in 
Cholame than Carrizo and a uniform long-term slip rate 
along strike. The poorly constrained geochronology at the 
previous Cholame excavations spurred the 2015 excavations 
detailed later in this paper. 
 
Slip/event is more variable than previously thought along the 
south central SAF (Akciz, et al., 2010 and Zielke, et al., 2010). 
Paleoseismic studies just southeast of the Carrizo segment at 
Frasier Mountain present evidence for 6 or 7 earthquakes 
within the last 650 years, indicating a 90-110 year recurrence 
interval (Scharer et al., 2014). This is consistent with the Bidart 

record from Carrizo which implies surface rupture recurrence 
of 88±41 years (Akciz et al., 2010) (Figure 3). Therefore, 
revisiting the poor geochronology and possibly incomplete 
record at Cholame becomes more urgent. 
 
2016 EXCAVATIONS 
 
We present data from 2 fault-perpendicular trenches and 1 
fault-parallel trench in the northern Cholame segment, ~36 
km north of LY4. Fault zone stratigraphy consists of alternating 
finely bedded sand, silt, and gravel strata, and bioturbated soil 
horizons. The strata record evidence for up to 6 earthquakes, 
of which 4 are of high quality. There is also possible post-1857 
deformation, similar to that recognized at the LY4 and Bidart 
sites (Young, et al., 2002; Akciz, et al., 2010), which may 
represent a strong ground-shaking event. The events are 
numbered such that the ground shaking event (E0) and the six 
interpreted rupture events (E1 through E6) have increasing 
numbers with increasing age (Figures 2 and 3). Units display 
fault separations ranging from as much as 60 cm at the base 
of the exposure to 12 cm near the E1 horizon, with some 
exhibiting small colluvial wedges and sag deposits within the 
~4 m wide fault zone. The oldest event (E6) is indicated deep 
in the stratigraphy by tilted and faulted sand and silt blocks 
that are capped by horizontally-bedded sand and onlapping 
sediments deposited against a paleoscarp, and differential 
vertical separation of units. E5 shows a much larger vertical 
separation than overlying strata, and exhibits shear fabric and 
thickened gravel units across the fault. Evidence for the E4 
event horizon is represented by a gradational clayey silt sag 
deposit capped by discontinuous gravel. The E3 and E2 are the 
less well-defined event horizons, and are represented by fault 
strands capped by thinly-bedded silty clay, and bounded by 
discontinuous burn horizons that allow precise 14C dating. We 
infer that E1 was the 1857 earthquake. It is represented by 
several fault splays capped by silty clay sag deposits that fill a 
depression in the fault zone that would have been produced 
by the 1857 surface rupture. 

 

 

Figure 2: Trench 2A partial panel of 
the southeast facing wall (above) 
and 2C partial panel of the 
northwest facing wall (right). 
Important units are colored, fault 
splays are shown in red. Stars 
indicate event horizons, black circles 
indicate radiocarbon dates.
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Figure 3 Black circles represent the sum of evidence ranking for each 
event horizon. Squares show the sum total subtracted by the number 
of observations. See Table 1 for list of evidence rankings and examples. 
 

 
Figure 4: Correlation diagram for SSAF paleoearthquakes from 
Parkfield to Wrightwood showing location of new sites we propose 
to develop. The black line and bracket indicate our preliminary 
interpretations from 2016. The orange lines represent the 3 poorly 
dated events at LY4. The rest of the figure is adapted from Scharer et 
al. 2015. Paleoearthquakes are labeled by the letter or number used 
in the original reference [Weldon et al., 2004; Pruitt et al., 2009; 
Akçiz et al., 2010; Scharer et al., 2011]. Grey numbers indicate 
horizontal displacement in meters (and vertical lowering for FM); 
bracket is used to signify when measurement is the cumulative total 
over several earthquakes. Solid red lines show possible ruptures 
based on Scharer’s correlation of paleoearthquake ages among 
sites; lines arbitrarily end midway when no temporally correlative 
earthquake exists at the neighboring site. 
 

 
Figure 5: OxCal models for two different potential rupture sequences 
based on preliminary dates. Sequences vary based on the inclusion or 
exclusion of radiocarbon that do not fit in the sequence or that may have 
been bioturbated. Bottom sequence is the current preferred model. 

The quality descriptions we have given to events are based on 
event horizon confidence. We evaluated this by compiling 
event indicators for E0 through E6 and assigning quality 
rankings for specific tectonic and geomorphic evidence of 
ground deformation in the style of Scharer et al. 2007 (Table 
1). The likelihood of an event horizon is therefore interpreted 
by the quality and frequency of the event indicators. However, 
the total rank sum of an event horizon is not an absolute 
indication of earthquake horizon certainty. A robust set of low 
quality event indicators can falsely indicate a higher event 
certainty compared to a few observations of high quality 
event indicators at another horizon (Figure 4). E2, E3 and E6 
are good examples of this, where E2 and E3 have higher total 
sums and greater numbers of observations compared to E6, 
which has just a few high-quality observations. 
 
This site contains abundant detrital charcoal in many of the 
units and burn horizons at or near event horizons that provide 
great potential for bracketing the ages of these 
paleoearthquakes. We sent an initial package of 50 samples to 
the UC Irvine Keck Radiocarbon Facility and 23 14C samples 
were dateable. They provide tantalizing evidence that the 
sequence of layers we are investigating at the Annette site 
spans from 1300 A.D. to 1857. We are confident that the last 
ground rupturing event in Cholame was the 1857 Fort Tejon 
earthquake, however the youngest bracketing date was very 
small, resulting in a large error margin. For this reason E1 is 
displayed in the models as 1600-1800 cal A.D. Our preliminary 
interpretations conclude that the timing of the six ground 
rupturing events correlate with timing of events at the Bidart 
Fan and Frasier Mountain sites, but extend beyond the oldest 
records at those sites. The current OxCal sequence (Figure 5) 
compared with the Scharer et al. diagram suggests that 
potentially 4 of the 6 events at Annette ruptured with the 
Carrizo segment, E1, E2, E3, and E4/E5. The similarities in the 
number and timing of events between the three sites 
compared with the longer record at the Annette site indicates 
that the recurrence interval on the Cholame segment may be 
longer than previously put forward by Sieh and Jahns, 1984, 
and that Cholame ruptures independently of the Carrizo 
segment (Figure 4). 
 
2017 EARTHQUAKE GEOLOGY EFFORTS 
 
In 2017, we plan to excavate a new fault perpendicular 
trench at the Annette site between T2A and T2C down to 11 
ft, to collect additional evidence to test the current rupture 
model. We will also re-excavate T2A down to 16 ft to obtain 
an older record, and attempt to date the large offset channel 
surveyed with GPR. Channel age and offset measurement 
could also provide us with a long-term slip rate of the 
Cholame segment, which is currently poorly constrained. 
 
CONCLUSION 
 
The timing of rupture events at the Annette site suggests 
that Cholame ruptures with continuation into the Carrizo 
segment, as well as independently. The ranking and 
summation of event evidence ensures a quantitative 
approach to evaluating and comparing ground ruptures 
between paleoseismic sites. However, more data is needed 
to constrain the number of events and the recurrence 
interval. The Annette site has excellent potential to fill a gap 
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indication of earthquake horizon certainty. A robust set of low 
quality event indicators can falsely indicate a higher event 
certainty compared to a few observations of high quality 
event indicators at another horizon (Figure 4). E2, E3 and E6 
are good examples of this, where E2 and E3 have higher total 
sums and greater numbers of observations compared to E6, 
which has just a few high-quality observations. 
 
This site contains abundant detrital charcoal in many of the 
units and burn horizons at or near event horizons that provide 
great potential for bracketing the ages of these 
paleoearthquakes. We sent an initial package of 50 samples to 
the UC Irvine Keck Radiocarbon Facility and 23 14C samples 
were dateable. They provide tantalizing evidence that the 
sequence of layers we are investigating at the Annette site 
spans from 1300 A.D. to 1857. We are confident that the last 
ground rupturing event in Cholame was the 1857 Fort Tejon 
earthquake, however the youngest bracketing date was very 
small, resulting in a large error margin. For this reason E1 is 
displayed in the models as 1600-1800 cal A.D. Our preliminary 
interpretations conclude that the timing of the six ground 
rupturing events correlate with timing of events at the Bidart 
Fan and Frasier Mountain sites, but extend beyond the oldest 
records at those sites. The current OxCal sequence (Figure 5) 
compared with the Scharer et al. diagram suggests that 
potentially 4 of the 6 events at Annette ruptured with the 
Carrizo segment, E1, E2, E3, and E4/E5. The similarities in the 
number and timing of events between the three sites 
compared with the longer record at the Annette site indicates 
that the recurrence interval on the Cholame segment may be 
longer than previously put forward by Sieh and Jahns, 1984, 
and that Cholame ruptures independently of the Carrizo 
segment (Figure 4). 
 
2017 EARTHQUAKE GEOLOGY EFFORTS 
 
In 2017, we plan to excavate a new fault perpendicular 
trench at the Annette site between T2A and T2C down to 11 
ft, to collect additional evidence to test the current rupture 
model. We will also re-excavate T2A down to 16 ft to obtain 
an older record, and attempt to date the large offset channel 
surveyed with GPR. Channel age and offset measurement 
could also provide us with a long-term slip rate of the 
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The timing of rupture events at the Annette site suggests 
that Cholame ruptures with continuation into the Carrizo 
segment, as well as independently. The ranking and 
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approach to evaluating and comparing ground ruptures 
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to constrain the number of events and the recurrence 
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in the data for current hazard assessment in California, by 
placing geologic bounds on the character and frequency of 
multi-segment and multi-fault ruptures along the SAF. 
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