
 



Proceedings of the 7th International INQUA Workshop 
on Paleoseismology, Active Tectonics and 
Archaeoseismology 
(“PATA Days”) 
 
30 May- 3 June 2016 
Crestone, Colorado, USA 
 
Editors 
James P. McCalpin 
Christoph Gruetzner 
 
 
 
This event was organized by GEO-HAZ Consulting, Inc. 
This event was hosted by the Crestone Science Center 
This event was supported by: 
INQUA Focus Group ‘Earthquake Geology and Seismic Hazards - EGSHaz’ 
Adams State University 
Colorado College 
Colorado School of Mines 
University of Colorado-Boulder 
 
 
 
 

 
 
 

 
 
 

 
 
Published by the Crestone Science Center, Guidebook No. 12, P.O. Box 837, Crestone, CO 81131 USA, 
www.crestonescience.org 
 



30 May-3 June 2016 7th PATA Days, Crestone, USA 3 
 

Published by 
Crestone Science Center 
P.O. Box 837 
600 East Galena Avenue 
Crestone, CO 81131 USA 
www.crestonescience.org 
 
Edited by 
James P. McCalpin 
GEO-HAZ Consulting, Inc. 
Crestone, CO USA 
& 
Christoph Gruetzner 
Department of Earth Sciences, University of Cambridge 
United Kingdom 
 
ISBN: 978-0-9974355-2-8 
 
Digital edition. 
 
 
PROCEEDINGS VOLUMES OF PATA DAYS: 
Vol. 7: Proceeding of the 7th International INQUA Meeting on Paleoseismology, Active Tectonics and 
Archeoseismology (J.P. McCalpin & C. Gruetzner, eds.). ISBN 978-0-9974355-2-8,  2016. Published digitally by the 
Crestone Science Center, Crestone, CO 81131 USA, Guidebook No. 12; 7th International INQUA Meeting on 
Paleoseismology, Active Tectonics and Archeoseismology, Crestone (USA). 
 
Vol. 6: Abstracts Volume, 6th International INQUA Meeting on Paleoseismology, Active Tectonics and 
Archeoseismology (Blumetti, A.M., Cinti, F.R., De Martini, P.M., Galadini, F., Guerrieri, L., Michetti, A,M., Pantosti, D. 
and Vittori, E., eds.), 19-24 April 2015, Pescina, Fucsino Basin, Italy: Miscellanea INGV, Anno 2015_ Numero 27, 
ISSN 2039-6651, printed in Italy by Instituto Nazionale di Geofisica e Volcanologia, Rome, Italy, 545 p. 
 
Vol. 5: Proceeding of the 5th International INQUA Meeting on Paleoseismology, Active Tectonics and 
Archeoseismology (C. Grutzner, J.-H. Choi, P. Edwards & Y.-S. Kim, eds.). ISBN 9791195344109 93450. Printed in 
Korea, 2014. 5th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology, Busan 
(Korea). 
 
Vol. 4: Seismic Hazard, Critical Facilities and Slow Active Faults (C. Grutzner, A. Rudersdorf, R. Perez-Lopez & K. 
Reicherter, eds.). ISBN 978-3-00-0427-96-1. Printed in Germany, 2013. 4th International INQUA Meeting on 
Paleoseismology, Active Tectonics and Archeoseismology, Aachen (Germany). 
 
Vol. 3: Earthquake Geology and Archeoseismology: Society and Seismic Hazard (R. Perez-Lopez, P.G. Silva, M.A. 
Rodriguez Pascua, V.H. Garduno Monroy, G. Suarez & K. Reicherter, eds.) Printed in Mexico, 2012. 3rd INQUA-IGCP 
567 International Workshop on Earthquake Geology, Paleoseismology and Archeoseismology, Morelia (Mexico). 
 
Vol. 2: Earthquake Geology and Archeoseismology: Society and Seismic Hazard (C. Grutzner, R. Perez-Lopez, T. 
Fernandez-Steeger, I. Papanikolaou, K. Reicherter, P.G. Silva & A. Vott, eds.) ISBN: 978-960-466-093-3. Printed in 
Greece, 2011. 2nd INQUA-IGCP 567 International Workshop, Corinth (Greece). 
 
Vol. 1: Archaeoseismology and Paleoseismology in the Alpine-Himalayan Collisional Zone (R. Perez-Lopez, C. 
Grutzner, J. Lario, K. Reicherter & P.G. Silva, eds.) ISBN: 978-84-7484-217-3. Printed in Spain, 2009. 1st INQUA-
IGCP 567 International Workshop, Baelo Claudia, Cadiz (Spain).



30 May-3 June 2016 7th PATA Days, Crestone, USA 4 
 

Preface [I] 
Dear friends and colleagues, 
Seven years ago, a hundred geoscientists assembled in sunny southern Spain for what can be seen as the 
birth of the PATA Days conference series. Klaus Reicherter who initiated and actively supported these 
meetings decided that we need more time for discussions and interaction both in conference halls and in 
the field. The huge AGU and EGU type of meetings leave no time or space for both. Therefore these 
regular topical workshops have been set up, providing enough time for discussions, fieldtrips, socialising 
and student focused summer schools. The high attendance and the planned future meetings testify for their 
success.  
 
In 2009, after having studied the active faults of the Strait of Gibraltar, the tsunami deposits along the 
beautiful coast, and the earthquake damage at the ruins of Baelo Claudia, the meeting moved to Corinth, 
Greece, in 2011. This place is probably the best laboratory on Earth to study fast continental extension and 
it is also the birthplace of archaeoseismology. In 2012 the PATA Days were held in Morelia, Mexico, 
commemorating the centenary of the November 19, 1912 Acambay Earthquake (M~7). Active faulting in 
the Acambay Graben and the seismic hazard in Mexico were brought to the attention of the 
paleoseismology community. The extremely slowly deforming region of Western Germany was the topic of 
the 2013 meeting in Aachen. Although the ongoing extension in the Lower Rhine Graben is so low that it 
cannot even be measured with geodesy in the time span that is covered by modern techniques, strong 
earthquakes happened here in the past and left their traces in the sedimentological and archaeological 
record. The 2014 PATA Days led us to Busan, South Korea, and we focussed much on the issue of slow 
faults and hazard to critical facilities like nuclear power plants. Plus, we enjoyed the excellent South Korean 
food and landscape. In 1915, the strongest earthquake on record in Italy reduced the Fucino area to rubble. 
We visited the Fucino plain one hundred years later in 2015 to learn about the state of the art of 
paleoseismology in Italy and to visit L’Aquila, the city that was so badly stricken by a strong earthquake in 
2009and which made it to international news with the convict of seismologists.  
 
Now, in 2016, we are very happy to have the PATA Days in the United States for the first time. Here is the 
cradle of paleoseismology, here are some of the most spectacular and best-studied surface ruptures in the 
world, and here in Crestone, CO, is where Jim McCalpin wrote his ‘bible’ of paleoseismology. Here is 
earthquake country. We are happy that Jim is the lead organiser of this meeting.  
 
The last decades have brought us an immense new toolbox of geoscience methods. With permanent GPS 
and latest DInSAR technology we are now able to observe the deformation of the crust almost in real-time 
and to detect phenomena that we weren’t even aware of a few years ago. Dense seismic networks, 
broadband stations, and strong motion instruments allow us to examine the anatomy of large earthquakes 
in many parts of the world. Stereo satellite imagery, LiDAR, and photogrammetry help us to create the most 
precise digital elevation models which are used to trace the surface expression of active faulting. 
Cosmogenic isotope dating and other advanced dating techniques offer unprecedented temporal 
resolution. Turbidity paleoseismology and interdisciplinary tsunami studies gave us invaluable insights into 
coastal hazards. But it is not only the methodology that improved, it is also the increasing co-operation with 
scientists from neighbouring or even more distant disciplines that helped to advance the study of 
paleoseismology, active tectonics, earthquake geology, and archaeoseismology.  
 
Fostering co-operation among scientists and supporting early career researchers (ECRs) is the main aim of 
our new INQUA Focus Group ‘Earthquake Geology and Seismic Hazards - EGSHaz’. With the INQUA 
congress in Nagoya in 2015, the old structure ceased to exist and something new was born. Active tectonic 
studies were hitherto supported by our former focus group PALACTE (Paleoseismology and Active 
Tectonics) within the TERPRO Commission (Terrestrial Processes) of INQUA. The PALACTE leaders 
Pablo Silva, Klaus Reicherter and Luca Guerrieri stepped back after having done a fantastic job during the 
past years- the current group has now 445 members from 54 countries. They established the EEE 
catalogue of environmental earthquake effects and supported countless ECRs to participate in our 
activities. Now the new focus group EGSHaz will support networking and the exchange of ideas during the 
ongoing intercongress period 2015-2019. We are happy to have the support of the TERPRO (INQUA’s 
Commission on Terrestrial Processes, Deposits and History) president Alessandro M. Michetti who also 
served as a past leader of the group. The group is now led by Ioannis Papanikolaou, Petra Štěpančíková, 
and Christoph Grützner, with support from Yael Braun, Beau Whitney, and Jakub Stemberk.  
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For the upcoming years we have established two main projects that will form the focus of our work: 
‘SURfaceFAulting Catalogue – Earthquakes (SURFACE)’ coordinated by Stéphane Baize and ‘Geological 
Earthquake Mapping of recent, historical and paleoseismic events; Quaternary Geology for Seismic Hazard 
Analyses (GEMAP)’ coordinated by Ioannis Papanikolaou. We are currently establishing a new focus group 
website, which will contain all information about our ongoing work, collaborators, scientific reports, and 
meetings: www.earthquakegeology.org. For regular updates, news and announcements follow the blog 
over at www.paleoseismicity.org and find us on Twitter and Facebook.   
 
We wish you an exciting and wonderful conference and we thank Jim for the amazing job he has done. 
 
Ioannis Papanikolaou (leader), Petra Štěpančíková (co-leader), Christoph Grützner (co-leader) 
 
Preface [II] 
The 7th International Workshop on Paleoseismology, Active Tectonics and Archeoseismology (7th PATA 
Days) is being held in Crestone, Colorado, USA from 30-May through 3-June, 2016. The Workshop was 
preceded by the 1st PATA Road Trip, “Faults of the Wild West”, a 2000-km, 6-day, limited attendance field 
trip led by Jim McCalpin to classic faults of the western USA. The “Wild West” theme continues with our 
2016 venue of Crestone, a small former gold-mining town on the eastern margin of the Neogene Rio 
Grande rift zone. Crestone lies on the rift valley floor at 2500 m elevation, nestled at the base of the 4000+-
meter mountains of the rift-flank uplift.   
 
This is the first PATA Days meeting in the USA, and the second in North America (after Morelia, Mexico in 
2012). However, unlike the Morelia and Fucino (2015) workshops, this one does not celebrate the 
anniversary of a damaging historic earthquake, for the simple reason that the rift-bounding faults in 
Colorado have been seismically quiescent throughout historic time (1850-present). The Rift is thus similar 
to the larger Basin and Range Province, having many late Pleistocene and Holocene fault scarps, but very 
few surface-rupturing earthquakes in our short 150-year written history. When paleoseismology was 
beginning in the 1970s in the USA, the conventional wisdom in Colorado and New Mexico was that the rift 
had developed in the Miocene and Pliocene, and that rift faults were no longer active and posed no seismic 
risk. Like much of the Western USA outside of California, these large extensional regions had low historic & 
instrumental seismicity and were shown on national/regional seismic hazard maps as having very low 
seismic risk. Yet studies in the 1970s began to document recent geologic evidence (fault scarps) for M>7 
earthquakes in the Holocene, on the faults that were supposedly inactive! To some of us in graduate school 
at that time, it seemed that the contribution of paleoseismology was even more critical in these regions, 
than in the more seismically active areas (such as California) where seismic risk was already accepted as 
high. This story of rift paleoseismology will unfold on the Pre-Meeting, Intra-Meeting, and Post-Meeting 
Field Trips. 
 
The 2016 Workshop will include a 4 days with keynote lectures, talks and posters in seven sessions 
spanning these topics: Earthquake Geology, Paleoseismology, Archeoseismology, Secondary Effects 
of Earthquakes, Remote Sensing & Geomorphology, and Seismic Hazard Assessment. More than 50 
scientific papers from 23 countries will be presented, as well as about 20 posters. And if you do not go to 
the Poster Sessions, you will not get any coffee. 
 
In addition, 3 field trips are occurring before, during, and after the meeting. The Pre-and Post-Meeting Field 
Trips provide a convenient way for attendees to travel from Denver to Crestone and return, while learning 
about the neotectonic development of Colorado.  
 
The meeting is organized by the Crestone Science Center (www.crestonescience.org) and GEO-HAZ 
Consulting, Inc. (www.geohaz.com) of Crestone. We appreciate the assistance of the INQUA Focus Group 
‘Earthquake Geology and Seismic Hazards’ for their support for young scientists and students. We 
also acknowledge for the support of The Colorado College (www.coloradocollege.edu). 
 
 
On behalf of the Organizing Committee 
James P. McCalpin 
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Organizing Committee: 
James McCalpin (USA) 
Rich Koehler (USA) 
Kathy Haller (USA) 
Ed Nissen (USA) 
Alan Nelson (USA) 
Christoph Gruetzner (UK)) 
 
Scientific Committee: 
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Tony Crone (USA) 
Ramon Arrowsmith (USA) 
Eldon Gath (USA) 
Rich Briggs (USA) 
Christoph Gruetzner (UK) 
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Program 
 
Before the Conference (limited attendance) 
The 1st PATA Road Trip; “Faults of the Wild West” 
24-29 May 2016; led by James McCalpin 
 
29 May (SUNDAY) 
Arrival in Denver, Colorado and Icebreaker Party 
Attendees arrive in Denver throughout the day 
19:00 Icebreaker Party at the Sporting News Grill, in the Holiday Inn Airport hotel, Tower Road; this is SW 
and across the street from the Best Western Plus-DIA hotel 
 
30 May (MONDAY, morning) 
Pre-Meeting Field Trip (8 am-1 pm) 
6:30 - 8:00 Breakfast; check out of hotel, transfer luggage to the bus 
8:00- board bus at Best Western Plus-DIA hotel, 7020 Tower Road, Denver; depart Denver Airport hotels 
8:00-13:00- field trip bus travels on highways I-70W, C-470, US 285, and CO 17 to Moffat, CO, then CR “T” 
to Crestone 
13:00- arrive at the Desert Sage Restaurant 
 
30 May (MONDAY, afternoon)  
Opening Ceremony, Keynote Lectures, Poster Session 1, Dinner at 
Desert Sage 
13:00-14:00 Lunch 
14:00 - 15:00 Check -In 
15:00 Opening ceremony: 

15:00-15:10 - Organization of the workshop: James McCalpin 
15:10-15:20 - INQUA TERPRO in the Inter-Congress Period 2015-2019; Advisory Board Member 

 Takashi Azuma 
15:20-15:30 - INQUA Focus Group ‘Earthquake Geology and Seismic Hazards - EGSHaz’; 

Christoph Gruetzner 
15:30-15:40 -INQUA ‘SURFACE’ Project: Stephane Baize 

 
15:40 – 16:50 Key notes, Poster Session 1, talks & wine 
30 May Monday 

afternoon 
Session 1: 
Keynotes 

Chaired by: Robert Kirkham 

(1) 15:40-16:00 
 

Vincent 
MATTHEWS 

Neogene Tectonism in Colorado 

(2) 16:00-16:20 Koji OKUMURA The Kumamoto, JAPAN earthquakes of April 2016 
(3) 16:20-16:40 Ruben 

TATEVOSSIAN 
Scarps associated with non-tectonic activity 

(4) 16:40-17:00 James MCCALPIN Paleoseismology of the Sangre de Cristo fault 
 
17:00 – 17:30; set up Posters 
17:30-20:00  Poster Session 1 (2.5 hours) 
20:00 Dinner at the Desert Sage Restaurant; drinks afterward 
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31 May (TUESDAY) - Technical Talks, Keynote Lectures, Poster 
Sessions 2 and 3, Dinner at Old Crestone Schoolhouse 
7:00 - 8:30 Breakfast 
9:00 - 11:00 Key note lectures and talks 
 

31 May 
Tuesday 
morning 

Session 2:  
Paleoseismology-
Strike Slip Faults 

Chaired by: Young-Seog KIM 

(5) 9:00-9:15 Sean BEMIS The Elizabeth Lake paleoseismic site: Rupture pattern constraints for 
the past ~800 years for the Mojave section of the south-central San 
Andreas Fault 

(6) 9:15-9:30 Kate SCHARER Testing geomorphology-derived rupture histories against the 
paleoseismic record of the southern San Andreas Fault 

(7) 9:30-9:45 Glenn BIASI Does paleoseismology forecast the historic rates of large 
earthquakes on the San Andreas Fault system? 

(8) 9:45-10:00 Tom ROCKWELL Is the Southern San Andreas Fault Really Overdue For a Large 
Earthquake or Just Late in the Cycle? 

(9) 10:00-
10:20 

Takashi AZUMA 
KEYNOTE 

Paleoseismological surveys and studies of active faults in Japan 

 
10:20-11:00 break (40 minutes) 
11:00- 12:30 key note lectures, talks 
 

31 May 
Tuesday 
morning 

Session 2: 
Paleoseismology-
Strike Slip Faults 

Chaired by: Young-Seog KIM 

(10) 11:00-
11:15 

Eldon GATH Tectonic geomorphic and paleoseismic investigation of the Gatún 
fault in central PANAMA 

(11) 11:15-
11:30 

Stephane BAIZE Earthquake fault segmentation in the Central Andes, ECUADOR 

(12) 11:30-
11:45 

Laurence AUDIN Neotectonic activity in Ecuador and Peru, from geomorphic to 
geodetic data, focus around Andean megapoles 

(13) 11:45-
12:00 

Sung-Il CHO Geological evolution of Quaternary fault at Dangu-ri, Gyeong-ju area, 
SE Korea 

(14) 12:00-
12:15 

Jinhyun LEE Seismic activity in SE Korea based on a trench survey(Dangu fault) 
and historical earthquake data around the Yangsan fault 

 
12:15- 13:00 Posters (45 minutes) 
13:00 - 14:00 Lunch 
14:00 - 15:00 poster session (1 hour) 
 
 

31 May 
Tuesday 
afternoon 

Session 3: 
Paleoseismology-

Reverse Faults 
and Stable 
Continental 

Interiors 

Chaired by: Tina NIEMI 

(15) 15:00-
15:20 
KEYNOTE 

Christoph 
GRUETZNER 

Paleoseismological challenges in Central Asia 

(16) 15:20-
15:35 

Paula 
FIGUEIREDO 
 

Late Pleistocene deformation at Aljezur fault system, SW Portugal: 
Seismicity triggering within a slow tectonic rate setting and 
relationships with sea-level rise (speaker- Tom Rockwell) 

(17) 15:35-
15:50 

Colby SMITH Holocene paleo-seismicity of the Bollnäs fault derived from terrestrial 
and hydroacoustical records 
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(18) 15:50--
16:05 

Gabriel VARGAS-
EASTON 

The San Ramon thrust fault at the eastern border of Santiago city, 
Chile:  Paleoseismological implications from the linkage between 
piedmont units and fluvial terraces 

(19) 16:05-
16:20 

Yukari 
MIYASHITA 

Paleoseismic investigation of the Yunodake fault, Fukushima 
Prefecture, Japan 

(20) 16:20-
16:35  

Reed 
BURGETTE 

Late Quaternary Offset of Alluvial Fan Surfaces along the Central 
Sierra Madre Fault, Southern California 

 
16:35 - 17:15 break (40 minutes) 
17:15 - 18:30 talks 
 

30 May 
Tuesday 
evening 

Session 3: 
Paleoseismology-

Reverse Faults 
and Stable 
Continental 

Interiors 

Chaired by: Tina NIEMI 

(21) 17:15-
17:30 

R. SUTINEN Postglacial faults and paleolandslides in western Finnish Lapland 

(22) 17:30-
17:45 

Sarah BOULTON When did the Moroccan High Atlas Mountains get high? Constraints 
on neo- and active tectonics from fluvial geomorphology and 
palaealtimetry 

(23) 17:45-
18:00 

C. Goswami 
INDIA 

On Linkage between Present Geomorphology and Substrate 
Geology in a Tectonically Active Terrain along the North Eastern 
Himalayan Foothills 

(24) 18:00-
18:15 

Javed MALIK Surface rupture of a Great Himalayan 1905 Kangra earthquake 
(Mw7.8), NW Himalaya, India 

(25) 18:15-
18:30 

Biju JOHN Issues pertaining to active fault identification in cratonic regions: 
example from Peninsular India 

 
18:30-20:00 free time and posters (1.5 hours) 
 
20:00 evening dinner at the Old Crestone Schoolhouse , 240 North Cottonwood Street (NE corner of 
Cottonwood Street and Carbonate Avenue); (but sorry, no alcohol); after dinner, attendees can walk 2 
blocks south to the Crestone Brewery, 187 West Silver Avenue) 
 
 



30 May-3 June 2016 7th PATA Days, Crestone, USA 10 
 

1 June (WEDNESDAY) - Technical Talks, Intra-Meeting Field Trip, 
Dinner at McAlpine Ranch 
7:00 - 8:30 Breakfast 
9:00 - 11:00 talks 
 

1 June 
Wednesday 

morning 

Session 4:  
Paleoseismology- 

Normal Faults 

Chaired by: Klaus REICHERTER 

(26) 9:00-
9:15 

Martha GOMEZ Paleoearthquake history and extension rates of the Waihi and Poutu 
faults in the Tongariro Volcanic Centre, New Zealand 

(27) 9:15-
9:30 

Gabriel 
GONZALEZ 

Quaternary deformation in the Atacama Fault System in northern Chile: 
new discoveries from trenching and OSL dating of colluvial wedges 

(28) 9:30-
9:45 

Lorenzo LO 
SARDO 

Paleoseismological techniques applied to different surface rupturing 
morpho-tectonic processes: case studies from tectonically active areas 
of the Abruzzi Region, central Apennines, Italy 

(29) 9:45--
10:00 

Dean OSTENAA Updates to the Seismic Hazard Characterization of the Cheraw Fault, 
Southeast Colorado 

(30) 10:00-
10:15 

Rich KOEHLER Reconnaissance geologic observations along the Petersen Mountain 
fault zone northwest of Reno, Nevada, U.S.A. 

(31) 10:15-
10:30 

Stefano PUCCI Structural complexity and Quaternary evolution of the 2009 L’Aquila 
earthquake causative fault system (Abruzzi Apennines, Italy): a three-
dimensional image supported by deep ERT, ground TDEM and seismic 
noise surveys 

 
10:30 - 11:15 break (45 minutes) 
11:15-- 13:00 talks 
     

1 June 
Wednesday 

morning 

Session 5: 
Paleoseismology- 
Subduction Zones 

and Coasts 

Chaired by: Yoshi KINUGASA 

(32) 11:15-
11:30 

Sascha 
SCHNEIDERWIND 

The Geometry of Tidal Notches – What do they reveal about historic 
coastal tectonics? 

(33) 11:30-
11:45 

Jose GONZALEZ-
ALFARO 

Accelerated upper crustal uplift since MIS3 at the southern edge of 
the northern Chile megathrust seismic gap 

(34) 11:45-
12:00 

Angelo 
VILLALOBOS 

New evidences of the cortical origin of the seismic crisis of 2007 in 
the Aysén Region, Southern Chile 

(35) 12:00-
12:15 

Beth ARCOS Interaction of tsunamis with inland sediment sources: implications for 
interpreting deposits 

(36) 12:15-
12:30 

Beau WHITNEY Seismic source characterization in the Western Australia Shear Zone 
using 2D seismic data: the Dampier fault. 

(37) 12:30-
12:45 

Daniel GARCES Geomorphologic and Stratigraphic relationships as indicators of 
Quaternary climate change and Tsunami Hazard, central coast of 
Ecuador 

(38) 12:45-
13:00 

Daniel GARCES Geological effects of the 16-April-2016 Pedernales earthquake 
(M7.8), Ecuador 

 
13:00 - 14:00 Lunch 
 
14:00 - 18:30 Intra-Meeting Field Trip 
 
20:00 Western BBQ dinner at the McAlpine Ranch, 600 East Galena Avenue, Crestone; (719) 256-5227; 
(719) 588-4279 
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2 June (THURSDAY) - Technical Talks, Student Training Sessions, 
Dinner at Desert Sage 
7:00 - 8:30 Breakfast 
9:00 - 11:00 Key note lectures and talks 
 

2 June 
Thursday 
morning 

Session 6: 
Seismites & 
Neotectonics 

Chaired by: Tom VAN LOON 

(39) 9:00-9:20 
KEYNOTE 

Victor 
GARDUNO-
MONROY 

Coseismical strartigraphy; A concept useful in the study of active 
tectonics in Mexico 

(40) 9:20-9:35 Greg BROOKS Paleoseismic assessment of multi-MTD event horizons preserved 
within the deposits of glacial Lake Ojibway, near Rouyn-Noranda, 
northwestern Quebec, Canada 

(41) 9:35-9:50 Gosia 
PISARSKA-
JAMROZY 

Earthquake-induced versus periglacially-induced load structures in 
clastic sediments 

(42) 9:50-
10:05 

Oxana LUNINA Clastic dikes induced by strong earthquakes in southern Siberia and 
their paleoseismic significance 

(43) 10:05-
10:20 

Petra JAMSEK 
RUPNIK 

Fault characterization field campaign related to probabilistic seismic 
hazard assessment for nuclear infrastructure in the Krško Basin, 
Slovenia 

(44) 10:20-
10:35 

Jakub 
STEMBERK 

Valley evolution of the Biala Lądecka drainage network during late 
Cenozoic, Lower Silesia, Poland 

 
10:35- 11:15 break [40 minutes] 
11:15- 13:00 talks 
 

2 June 
Thursday 
morning 

Session 7: 
Seismic Hazard, 
Remote Sensing, 

Geophysics 

Chaired by: Gerry STIREWALT 

(45) 11:15-
11:30  

Edward 
CUSHING 

Close to the lair of Odysseus Cyclops : the SINAPS@ postseismic 
campaign and accelerometric network installation on Kefalonia 
island – Site effect characterization experiment 

(46) 11:30-
11:45 

Jure ATANCKOV Database of active faults in Slovenia 

(47) 11:45-
12:00 

M. Logan CLINE Tectonic geomorphology supporting a probabilistic seismic hazard 
analysis in the Krško Basin, Slovenia: implications for critical 
infrastructure 

(48) 12:00-
12:15 

Rob LANGRIDGE Assembling lidar swaths along the distributed South Island plate 
boundary, NZ: The South Island ‘b4’ project 

(49) 12:15-
12:30 

Thomas LEGE Integrated InSAR Based Corpernicus Ground Motion Service for 
Germany - Paleoseismic aspects 

(50) 12:30-
12:45 

Rob LANGRIDGE Preview of 2017 PATA Days—New Zealand 

 
13:00 - 14:00 Lunch 
14:00 - 18:30 Student Training Sessions; ~1 hours in Baca Campus auditorium, remainder in field sites 
north of Crestone (bus trip) 
14:00 - 18:30 Free time for attendees not at Training Session. Possible activities include: 
0-INQUA Business Meeting 
1-all afternoon bus trip to Great Sand Dunes National Park; play in Medano Creek, unique surging stream; 
hike the high dune (600 ft high); look at Holo fault scarps and range-front landslide formed by backsliding 
on a valleyward-dipping old thrust fault 
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2- in Crestone; 2-3 hour hike to the crest of terminal moraine complex of Willow Creek; drop down into old 
lake bed, now a meadow; lakebed was cored in 1979 with C14 dates on postglacial sequence of mud vs 
peat beds 
3-in Crestone; Western horseback trail ride at the Baca Grande Stables 
4-on-your-own nudist experience at Valley View Hot Springs 
5-stop at Recreational Marijuana store in Moffat, 12 mi W of Crestone 
 
20:00 dinner at the Desert Sage 
 
 
 

Poster Sessions (Monday, May 30, 5:30-8:00 pm; Tuesday, May 31, 
2:00-3:00 pm; 6:30-8:00 pm) 
 
No. Author Title 
1 Robyn DANIELS Developing a paleoseismic age model for large-magnitude earthquakes on 

fault segments of the Himalayan Frontal Thrust in India 
2 James DUNAHUE Paleoliquefaction and possible surface deformation along New Madrid Seismic 

Zone in Yarbro, Arkansas 
3 Francisco GOMEZ Re-evaluation of late Quaternary deformation in the northern Wind River Basin, 

Wyoming 
4 Chandreyee 

GOSWAMI 
Manabhum Anticline: An apparent key to the genesis of the Eastern Himalayan 
Syntaxial Zone 

5 Brian GRAY Seamless Photomosaic Trench Logging Using Trench-Based Photogrammetry 
Methods: Workflow and Case-Studies 

6 Christoph 
GRUETZNER 

Large strike-slip faults in a convergent continental setting - the Dzhungarian 
Fault in the Northern Tien Shan 

7 Keene 
KARLSSON 

Paleoseismicity of the Laguna Salada fault, northern Baja California 

8 Oksana LUNINA Style of deformations in the Mondy active fault zone investigated with ground-
penetrating radar and structural observations (southern East Siberia) 

9 Genaro 
MARTINEZ 

Investigation of uplifted marine and fluvial terraces in the Santa Rosalía basin 
of central Baja California, México 

10 Alan NELSON AMS 14C tests of correlations of great earthquakes along the Cascadia 
Subduction Zone, coastal Oregon 

11 Christine 
REGALLA 

Evidence for late Quaternary surface rupture along the Leech River fault near 
Victoria, British Columbia, Canada 

12 Sascha 
SCHNEIDERWIND 

Numerical modelling of tidal notch sequences on rocky coasts 

13 Thomas SPIES Establishment of an up-to-date database for seismic hazard assessment in 
Germany and Central Europe using paleoseismic, neotectonic and historical 
evidence 

14 Petra 
STEPANCIKOVA 

Applicability of complex geophysical surveying in paleoseismic studies: three 
case studies from Bohemian Massif 

15 Jessica THOMAS Towards an active fault assessment in the southern Upper Rhine Graben 
16 Neta WECHSLER On the accuracy of topographic models derived from UAV 

photography 
17 Alana WILLIAMS Shorter and variable recurrence intervals along the Cholame segment of the 

San Andreas Fault 
18 Asmita MOHANTY Tectonic geomorphology of Late Pleistocene-Holocene landscape evolution 

and drainage migration, NW Himalaya, India 
19 Shao YANXIU Fault slip behavior of North Danghe Nanshan Thrust (NDNT) from high 

resolution topography data and paleoearthquakes 
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3 June (FRIDAY) - Post-Meeting Field Trip (8 am-6 pm) 
7:00 - 8:00 Breakfast; drop off room keys at Desert Sage Restaurant 
8:00- board buses for field trip and depart Crestone 
8:00-18:00- field trip travels north from Crestone to the Upper Arkansas Valley of the Rio Grande Rift; 
includes multiple (~10) field stops 
18:00 to 19:00- bus arrives at Best Western Plus-DIA hotel, 7020 Tower Road, Denver; END OF 7th PATA 
DAYS!! 
 
4 June (SATURDAY) – attendees return home 
6:30 - 8:00? Breakfast; check out of hotels 
Attendees take airport shuttle buses or taxis to Denver International Airport for departure home 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ON THE FOLLOWING PAGES ARE THE 4-
Page Extended Abstracts, ARRANGED 
ALPHABETICALLY BY LAST NAME OF 
THE AUTHOR 



 

 
 

1 

 

Fig. 1: Shore-perpendicular transect from Phra Thong 
Island, Thailand including grain size data of tsunami laid 
sands and potential sand sources. 
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Fig. 2: 2004 tsunami deposit at St 14 on Phra Thong Island. 
See Fig. 1 for the location of the excavation along the profile.
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Fig. 3: Paleotsunami deposit locally thickened above a dike 
filled with sand and mud at the Snohomish delta, Washington 
State. 
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Database of active faults in Slovenia 
 

Jure Atanackov (1), Petra Jamšek Rupnik (1), Jernej Jež  (1), Blaž Milanič (1), Matevž Novak (1), Bogomir Celarc (1), Anže Markelj (1), Miloš Bavec (1) 
 

(1)    Geological survey of Slovenia, Dimičeva ulica 14, SI-1000 Ljubljana, Slovenia. jure.atanackov@geo-zs.si 
 
 
Abstract:  The first database of active and potentially active faults in Slovenia was compiled, as a basis to derive a new national 
Design ground acceleration map. 89 faults with 217 segments have been seismotectonically parametrized using an adapted and 
expanded European SHARE database format. Faults were defined, evaluated and parametrized using geologic, geomorphic, 
geodetic, geodynamic, geophysical and seismological data.  
 
Key words: active, faults, map, database, Slovenia 
 
 
INTRODUCTION 
 
Slovenia occupies a seismically active region 
characterized by moderate seismic activity caused by 
faulting at the contact of the Adriatic microplate and the 
European plate. Earthquake catalogues span 
approximately 1000 yrs (Ribarič, 1982; Živčić, 2009; 
Grünthal and Wahlström, 2012; Stucchi et al., 2013), 
recording many significant earthquake events. A number 
of damaging to devastating historical earthquakes have 
occurred in the area (M 6.8 Idrija 1511, M 6.4 Villach 
1348, M 6.1 Ljubljana 1895, M 5.9 Villach 1690, M 5.7 
Brežice 1917, M 5.7 Bovec 1998). No historic surface 
ruptures were recorded, but paleoseismic evidence has 
been found for surface rupture during the M 6.8 1511 
event (Bavec et al., 2013). 

The primary goal of the project is to provide a base input 
to derive a new Design ground acceleration map of 
Slovenia (Environmental Agency of Slovenia) for 
regulation of earthquake resistant engineering.  
Seismological data alone do not sufficiently reflect the 
earthquake hazard, with the record length shorter than 
expected recurrence times of major earthquakes 
(hundreds to thousands of years) on faults with slip rates 
on the order of several tenths to several mm per year. A 
map of active faults was developed to provide a 
geological input on active faulting to assess the 
earthquake hazard. 
 
GEOLOGIC SETTING 
 
Faulting in Slovenia and its general vicinity is caused by 
accommodation of deformation at the contact of the 
Adriatic microplate and the European plate. Slovenia is 
located at the contact zone between these two 
converging plates. Active faults accommodate the 
relative northward movement and counterclockwise 
rotation of Adria microplate with rates of shortening at 
approximately 2-4 mm/yr across the country 
(approximately 200 km). Maximal horizontal 
compression is oriented N-S (Weber et al., 2010; 
Nocquet, 2012). 
 

Active faults form five zones: a) South Alpine thrust zone, 
b) Istria-Friuli thrust zone, c) Dinaric strike-slip fault zone, 
d) Periadriatic strike-slip fault zone and e) Zagreb Mid-
Hungarian shear zone.   
DATABASE FORMAT AND WORKFLOW 
 
To provide input for the database of active faults we 
used: 5 m DEM and LiDAR DEM, geologic maps of 
Slovenia at scales 1 : 100 000 and 1 :  25 000, manuscript 
geologic maps of various areas at different scales (GeoZS 
archive), borehole data, geodetic data, including GNSS, 
GPS and terrestric networks, deep and shallow 
geophysical data, seismological data, and paleoseismic 
data. A large volume of research papers covering the 
geologic structure and active faulting in Slovenia and 
the vicinity were analysed and their findings critically 
evaluated and included in fault trace definition and 
seismotectonic parametrization. Active faults with 
surface traces longer than 5 km were included. The 
workflow is presented in Figure 1. 
 

 
 

Fig 1. Data processing workflow. 
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The SHARE - Seismic Hazard Harmonization in Europe 
project database format was used (Basili et al., 2013), 
with each fault and its individual segments described 
with: fault name, type, strike (min, max, median), dip 
(min, max, median), rake (min, max, median), depth, 
length (along trace and end-to-end), width, area, 
segmentation type, slip rate (min, max, average) and 
possible maximum earthquake magnitude (according to 
empirical relationships by Wells and Coppersmith, 1994).  
Quality designators were assigned to each parameter 
(LD – Literature Data, OD – Original Data, ER – Empirical 
Relationship, EJ – Expert Judgement; Based on, inferred 
from, assumed from, calculated from + data source and 
reference).  
 
The database contains four components: an ArcGis 
geodatabase, an MS Excel parametrization spreadsheet, 
an MS Excel spreadsheet of XY coordinates of all nodes 
on each fault segment and an explanatory booklet with 
the descriptions of all faults in the database. The 
description includes fault name, fault type, description of 
the fault trace, including geographic description of 
individual segments and their type, and a description 
and discussion on geometric and kinematic parameters, 
including discussion on relevant published data as well  

 

as original data used in parameter determination. 
 
 
RESULTS 
 
The map and database currently contains 89 faults and 
217 segments. All have a full set of seismotectonic 
parameters, as required for further use in determination 
of seismic hazard. Some interesting statistics can also be 
gleaned from the database, such as slip rate distribution 
(global, per fault system) and maximum possible 
magnitudes. 
 
The longest faults include the 141 km Sava dextral strike-
slip fault, the 124 km Idrija dextral strike-slip fault, which 
was the source of the destructive M 6.8 1511 Imax=X Idrija 
earthquake (Bavec et al., 2013), the 90 km Predjama-
Avče dextral strike-slip fault, the 89 km Šoštanj dextral 
strike-slip fault, the 87 km Raša dextral strike-slip fault, 
the 80 km Črni Kal-Palmanova thrust fault, and the Labot 
(Lavanttal) dextral-strike slip fault, for which only 
segments in Slovenia have been parametrized so far (70 
km total length), but the fault extends far north into 
Austria and its parametrization will be finalized shortly. 
 

 
 

Fig 2. Map of active faults in Slovenia with labeled faults outstanding by their length, slip rate or historic seismicity. Istria-Friuli thrust zone 
(Črni Kal – Palmanova faults); Dinaric strike-slip fault zone (Predjama-Avče, Raša and Idrija faults); Periadriatic strike-slip fault zone (Sava 

and Šoštanj faults); and Zagreb Mid-Hungarian shear zone (Donat fault). 
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The highest slip rates are estimated on the Idrija fault 
0.06-2.00 mm/yr, the Sava fault 0.05-1.50 mm/yr, the 
Labot fault 0.50-1.00 mm/yr, the Donat fault 0.30-1.00 
mm/yr, the Raša fault 0.23-1.00 mm/yr, the Žužemberk 
fault 0.10-1.00 mm/yr, the Celje fault 0.05-1.00 mm/yr,  
and the Črni Kal-Palmanova, Petrinje, Hrastovlje, Kubed 
thrusts 0.10-0.86 mm/yr. However, average slip rates 
between 0.01 and 0.25 mm/yr prevail. See Figure 3 for 
slip rates on all mapped faults. 
 
Among the active faults in the database, only two have 
major historic seismicity undoubtedly attributed to 
them: the Idrija fault (M 6.8 1511 Imax=X) and the Ravne 
fault (M 5.7 1998 Imax=VIII). The Sava fault may potentially 
be linked with the M 6.4 Villach 1348 (Merchel et al., 
2014) and M 5.9 Villach 1690 earthquakes, however, at 
this time the link to the 1690 is speculative and other 
faults may well be responsible. 
 
DISCUSSION 
 
The primary goal of the project to provide a base input 
to derive a new Design ground acceleration map of 
Slovenia has been achieved. The map is being used in 
cooperation with seismologists of the Slovenian 
Environmental Agency, to define seismogenic sources as 
the next step towards the Design ground acceleration 
map. 
 
In two years, active faults on the territory of Slovenia 
were analyzed. Work continues in 2016 on faults that 
extend into neighboring countries. 
 
In addition to providing a basis for future assessments of 
seismic hazard, the database also produced a number of 
secondary, yet important and highly useful results: a) the 
basis for detailed mapping of individual faults for future 
projects, b) additional structural input for engineering 
applications (such as civil engineering and 
hydrogeologic mapping), c) identification of a number of 

potential paleoseismic trenching sites on several major 
active faults.  
 
 
Acknowledgements: the Slovenian Environmental Agency 
financed the projects “Map of Active Faults in Slovenia” and 
“Elaboration of seismotectonic maps of Slovenia”. 
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Fig 3. Fault slip rates. Each fault in the database is denoted by it designation MAF.SI-n (MAF – Map of Active Faults). Lines mark the 
uncertainty in slip rate values. 
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NEOTECTONIC ACTIVITY IN ECUADOR AND PERU, from GEOMORPHIC to GEODETIC 
data, FOCUS AROUND ANDEAN MEGACITIES 

 
Audin, Laurence (1), Carlos Benavente (2,1), Alexandra Alvarado (3), Swann Zerathe (1), Yepes Hugo (3),   
Champenois Johann (4), Baize Stéphane (5), Delgado Fabrizio (2), Beauval Céline (1), Robert Xavier (1) 

 
(1)    ISTerre, UGA, France. Email: laurence.audin@ird.fr,  laurence.audin@univ-grenoble-alpes.fr  
(2)    INGEMMET, Peru.   
(3)    IG QUITO, Ecuador.    
(4)    CEA DASE, France.   
(5)    IRSN, France. 
 
 
 
Abstract: The Andean range stretches for thousands of kilometers from Patagonia to Venezuela and its recent tectonic 
evolution results from the ongoing subduction of the Nazca plate. Less studied than the subduction mega earthquakes, 
several M>7 continental earthquakes did affect the Andean human settlements since the Pre Incaic period. Although 
neglected in terms of archaeoseismic or neotectonic studies, the impacted regions display exponentially growing 
megacities, highly exposed to seismic hazards. In this study, we focus on investigating crustal deformation along newly 
described fault systems, in a seismically active urban setting (in Peru and Ecuador). High resolution satellite images, 
geodetic data, georadar and field studies provide striking examples and evidences of the ongoing tectonic deformation 
that can be the longer-term Quaternary geomorphic record. We focus here on the Quito and Ibarra regions in northern 
Ecuador, and on Arequipa and Cuzco regions in southern Peru.  
 
Key words: Active tectonics, Geomorphology, Andes, Seismic Hazards. 
 
 
NEOTECTONICS ALONG THE ANDEAN RANGE: 
STATE OF THE ART and OBJECTIVES 
 
Along the Pacific flank of the high Andes, the recent 
geodetic measurements do not provide informations 
on the long term continental deformation rates, due 
to the strong coupling and the ongoing subduction 
(Nocquet et al., 2014). Therefore tectonic 
geomorphology provides a unique and necessary 
tool to address longer term deformation. Over the 
past decades the urban population has been 
increasing in the Andean region. And since the return 
period of continental earthquakes is much longer 
than the periods of recent urbanization, further 
tectonic geomorphology studies in and around 
megacities are needed. Moreover, the instrumental 
crustal seismicity is also rather sparse in comparison 
to megathrust seismicity, so little is known about the 
active tectonics and fault sources in the continental 
Andes.  
 
Here, we propose to provide combined data sets to 
study the ongoing tectonic deformation around an 
urbanized area in order to constrain the seismic 
activity rates on prominent crustal faults that could 
impact the megacities in Peru and Ecuador. 

 
ACTIVE FAULTING IN ECUADOR  
 
The Quito megacity (in terms of Ecuador's total 
population) lies at 2800 m elevation within the 
Interandean Depression (ID), in an active seismic and 
volcanic province (Figure 1) in northern Ecuador. 
Quito basin and the city itself are located on a 
structural bench, along the western border of the ID 
(Soulas et al., 1991). Beneath Quito, the subduction 
interface is located at a depth of ~120 km, without 
known influence on superficial tectonics of the upper 
plate (Yepes et al., 2016).  
 
IS QUITO BLIND THRUST CREEPING? 
 
The Quito Fault System (QFS) extends over 60 km 
and appears to be segmented en echelon. 
Multidisciplinary studies support an interpretation in 
which two major contemporaneous fault systems 
affect Quaternary volcanoclastic deposits (Figure 1). 
Hanging paleovalleys and disruption of drainage 
networks attest to ongoing crustal deformation and 
uplift in this region, further indicated by 15 years of 
GPS measurements and seismicity. The resulting new 
map displays an eastward migrating Quito Fault 



7th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 30 May to 3 June, 2016, 
Crestone, Colorado, USA 

 
 

INQUA Focus Group on Paleoseismology and Active Tectonics 
 

 
 
System. Northeast of this major tectonic feature, the 
strike-slip Guayllabamba Fault System (GFS) aids the 
eastward transfer of the regional strain 
northeastward to Colombia. A new GPS data set and 
INSAR studies indicates active shortening rates for 
Quito blind thrust of up to 4 mm/yr, which decreases 
northward along the fold system as it connects to the 
strike-slip Guayllabamba Fault System (Figure 2). 
These two tectonic fault systems are active today, and 
the local focal mechanisms are consistent with the 
direction of relative GPS velocities and the regional 
stress tensors (Alvarado et al., 2014). Moreover, a 
sharp velocity gradient is observed across the Quito 
fault system and only a fraction of the fault plane is 
presently accumulating elastic stress, available for 
future earthquakes (Champenois et al., 2013, Figure 
2). Alvarado et al. (2014) proposed that the depth 
over which elastic stress is presently accumulated is 
in the range of 3–7 km. We estimated a maximum 
magnitude range of Mw 5.7 to 7.1 for the GFS and 
QFS. But the best constrained estimation derives 
from the geodetic data and corresponds to a 
maximum value of Mw = 6.6 (Alvarado et al., 2014).  
 
Finally, as for the urban setting, the capital is lying 
over the hanging wall of the reverse fault system. In 
case of a large earthquake, ground motions are 
expected to be much higher in Quito than in the 
suburbs (Beauval et al., 2015; Yepes et al., 2016). The 
1797 Riobamba earthquake (MI 7.6) occurred 160 km 
south of Quito, but produced an intensity VII in the 
city. Years later, Quito experienced a similar shaking 
level during another large earthquake, the 1868 
Ibarra event 80km north of Quito (MI 7.2, in Beauval 
et al., 2010).  
 
1868 IBARRA LOST SCARP?  
 
The 4m-resolution DEM of Ecuador reveals a sharp 
geomorphic lineament cutting through the western 
shoulder of the ID near Ibarra city. This scarp is 
developed within the volcanic formation of 
Chachimbiro edifice (Andrade et al., 2009). Along the 
lineament, we document evidences of captures, sag 
ponds and normal faulting of the volcanic and 
sedimentary deposits (Figure 3). This systematic offset 
could be due to previous large earthquakes in the 
area, possibly the M7.2 1868 Ibarra event (Beauval et 
al., 2010).  
 
ACTIVE FAULT SCARPS in PERU 
 
FIRST DIRECT DATING OF A FAULT SCARP by 10Be  
 

Commonly in southern Peru, most of the previous 
studies have argued that low tectonic activity is 
recorded along the Andean forearc, and despite 
recent updating of the active fault map (INGEMMET, 
Neotec, Benavente and Audin, 2009), no direct 
quantification of the deformation rates have been 
proposed. To bring new constrains, we focus on the 
transpressive Purgatorio fault (Figure 4), located 
between the cities of Moquega and Mirave. The fault 
is 45 kilometers long and connects to the major and 
active Incapuquio fault system (Hall et al., 2008). It 
trends along the Western Cordillera piedmont where 
it disrupts the rocky and smooth landscape of the 
Atacama Desert (Figure 4). It forms a fresh vertical 
scarp ~4 m in height coseismic displacements and 
offers the opportunity to constrain the age of the last 
events and fault slip rates (Benavente et al., in prep). 
We performed direct 10Be surface exposure dating of 
the fault scarp along a vertical profile. Five samples 
were collected along a 4 m high profile (Figure 4). We 
systematically selected pebbles cut by the fault 
movement and marked by tectonic slickensides 
(Benavente et al., in prep, Figure 4). The obtained 
exposure ages suggest that 4 m of coseismic uplift 
happened during the last 2 thousands years (Figure 
4). Based on the assumption that the scarp is 
coseismic, we can derived a new minimum vertical 
tectonic motion rate (~2 mm/yr) that is one order of 
magnitude higher than the previously obtained one 
from terraces river offsets (0.2 mm/yr, Hall et al., 
2012). Our results challenge the accuracy of the 
recurrent vision defining the Peruvian Andean forearc 
as a non-deforming block, and raise up the question 
of the seismic hazard in the nearby cities, potentially 
exposed to strong shallow earthquakes of depth <10 
km and Mw > 7 (Benavente et al., in prep). 
 
ARE CUZCO FAULT SEGMENTS ACTIVE? 
 
Unlike the Andean forearc, the tectonic regime in the 
High Peruvian Andes is mainly extensional and result 
from the competing convergence and gravity forces 
(Sébrier et al., 1988; Mercier et al., 1992; Benavente et 
al., 2013). The Cuzco normal fault system (Cabrera & 
Sébrier, 1998) limits the Altiplano basin from the 
Eastern Cordillera. The Cuzco fault and the associated 
fault system in southern Peru cross Cuzco city and is 
chosen here as an example to illustrate the needs of 
multidisciplinary approach for neotectonic studies in 
this touristic region.  
 
Normal faulting during the historical times (back to 
1650) indicate that N-S oriented extension is 
characteristic of the present-day tectonic regime. 
Prior to 1986, several Mw 6 shallow earthquakes 
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affected the Cuzco region (Silgado, 1978) in 1650, 
1950 and 1986. In 1650, a massive earthquake hit 
Cuzco, the Inca capital at the time. For the 1986 
event, Cabrera et al., 1998 consider that the rupture 
at depth is rather shallow (<10 km) after the 
coseismic scarps and the instrumental low magnitude 
(Mw 5.3). It is consistent with the longitudinal 
extension of well-preserved Holocene scarps along 
other regional active faults, that extend all the way 
from Cuzco to Puno region along the Altiplano basin. 
 
CONCLUSIONS 
 
Even if strong seismic events are not unfamiliar to 
Peru and Ecuador, appropriate earthquake 
engineering highly depends on the mapping, 
knowledge and detailed studies of the active fault 
systems and the related seismic hazard. 
 
The proximity of previously unrecognized active 
structures to the densely populated Andean cities 
highlights the need for additional archaeoseismic, 
palaeoseismic, geomorphic and tectonic studies to 
characterize seismic sources and develop parameters 
for input to hazard assessments. Interdisciplinary 
studies must be pursued to better understand the 
recurrence and magnitude of crustal  earthquakes 
that may affect the capital cities and megacities  in 
South America.  
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Figures 
Figure 1:  A/ Quito region, topography and fault systems, B/ 
3D topography. 

 

 
Figure 2:  Quito region, 1993-2000 PS Insar versus GPS 

deformation across the Quito Fault System after 
Champenois et al., 2013.  

 

 
 
 
Figure 3:  Ibarra region and a Google Earth photo of a 

potential scarp associated to the seismic source of 
historic 1868 Mw 7 
earthquake.

 
 
 
 
 
 
 
 
 
 
 
Figure 4: Southern Peru region and the active fault systems 

(Benavente et al., in prep) 
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Paleoseismological nature and character of active faults in Japan 
-Analysis of parameters in the Active Fault Database of AIST-  
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Abstract: After the 1995 Kobe Earthquake, Geological Survey of Japan/AIST constructed the Active Fault 
Database of Japan. It includes active fault parameters obtained from surveys by local governments, universities as 
well as our institute This database contains fault parameters (location, length, angle of fault plane, slip per event, 
age of the last faulting event, recurrence interval, and slip rate) for 583 segments. By analysis of these data, we can 
consider the nature and characters of active faults in Japan. 
 
Key words: active fault, fault parameters, database, Japan. 
 
 
1. INTRODUCTION 
 
After the 1995 Kobe Earthquake, the Japanese 
government founded "the Headquarters for 
Earthquake Research Promotion (HERP)" and 
conducted paleoseismological surveys of major 
active faults in Japan as well as other seismological 
observations. 10 years after the Kobe earthquake, 
HERP published reports on the long-term evaluation 
of 98 major active fault zones as well as the 
probabilistic seismic hazard map of Japan based on 
a huge collection of data on active faults, subsurface 
structures and seismological data.  
 
Geological Survey of Japan/AIST has gathered 
active fault parameters obtained from surveys by 
local governments, universities as well as our 
institute to construct the Active Fault Database of 
Japan(https://gbank.gsj.jp/activefault/index_e_gmap.
html). This database contains fault parameters 
(location, length, angle of fault plane, slip per event, 
age of the last faulting event, recurrence interval, and 
slip rate) for 583 segments. These data allow us to 
consider the nature and character of active faults in 
Japan.  
 
 
2. ACTIVE FAULT DATABASE OF AIST 
 
Geological Survey of Japan/AIST opened the Active 
Fault Database in 2005.  It includes 310 fault 
systems and 569 segments, as well as information of 
10 fault systems (14 segments) that were evaluated 
as non-active faults. It is composed of three 
database; fault parameter, survey information, and 
reference databases. We can find information about 
active faults from map or key words. The fault 
parameter database includes fault name, length, 
strike, dip angle, type and sense of faulting, age of 
the last event, average recurrence interval, and, 
probability of rupture for next 30 years. The survey 
information database includes the name of site, 
coordinate system, type of survey, reference for 
displacement, amount of  displacement, age of 

reference geological layer, and related references. 
Reference database links to Japanese scientific 
contents service sites (CiNii, J-Stage) as well as PDF 
files of survey reports of Geological Survey of Japan. 
Also this database shows the geological map and 
distribution of seismicity in Japan, with links to a 
visualization system for subsurface structures. 
 
 
3. CHARACTER OF ACTIVE FAULTS IN JAPAN 
FROM THE DATASET 
 
(1) Fault systems and segments 
Fault systems and segments in the Active Fault 
Database of AIST were defined several ways, such 
as by distance of separation, change of fault trace 
strike, and the age of faulting events based on 
geological surveys. A segment means a range of 
typical faulting events and a fault system shows a 
combination of segments which could act during an 
earthquake. About 40 % of fault systems have multi-
segments (Figure 1) and maximum number of 
segment in a fault system is 16 (MTL and ISLT fault 
systems). 
 
 

 
 
 
 

Fig. 1:  Number of fault segments contained in a 
fault system 
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(2) Strike and dip angle of fault (Figure 2) 
 
Reverse faults are concentrated to a N-S trend and a 
NNE to NE group are more than a NNW-NW group. 
Strike-slip faults are consistent with the stress 
orientation of E-W compression related to the motion 
of the Pacific Plate. Right-lateral slip faults are 
concentrated in a NE and left-lateral slip faults are in 
NW. Normal fault are few but they were concentrated 
in a EW trend. 
 
 
(3) Length of fault segment  
 
In any fault type, about half of segments have lengths 
of 10-19 km, and about a quarter of segments have 
lengths of 20-29 km (Figure 3). A few reverse faults 
and right-lateral strike-slip faults have lengths more 
than 50 km as a single segment.  
 
 
(4) Type of displacement 
 
More than half of segments were reverse faults (298 
segments). Strike slip faults were divided into right-
lateral slip faults (143 segments) and left-lateral slip 
faults (85 segments). Less than one-tenth of 
segments are normal faults (45 segments). 
 
 
(5) Slip rate 
 
Slip-rates for each of segment was basically based 
on geological data (amount of displacement / age of 
reference layer). Topographic features were also 
used to estimate fault slip rates. Nearly half of 
segments have slip-rate between 0.1-0.4 m/ka in 
Japan (Figure 4). The maximum slip-rate value is 9.1 
m/ka for the Gofukuji fault of the ISTL in central 
Japan. 
 
 
(6) Average recurrence interval 
 
Recurrence intervals were estimated by geological 
surveys for 63 segments. For 33 segments, 
recurrence intervals are estimated by the ages of 
more than 3 events, whereas recurrence intervals for 
the other 30 segments are calculated based on the 
ages of 2 faulting events. For the other 135 segments, 
average recurrence intervals are calculated by the 
slip-rate and amount of slip per event. The 
distribution of average recurrence intervals shows 
two peaks of around 4 kyr and 13 kyr from all data, 
although there is a peak around 1 kyr based on only 
geological data (Figure 5). 
 
 
(7) Age of the last faulting event and related historical 
earthquake 
 
Data of the age of the last faulting event were 
obtained for 208 segments. The most recent event 
on 47 segments are obtained from historical records. 

 
 

 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 2:  General strike of fault segments with different 
sense of deformation in Japan 

Fig. 3:  Length of fault segment in Japan 

Length (km) 

Fig. 4:  Slip rate of fault segment with type of deformation 
in Japan 
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(8) Ratio of elapsed time 
 
Ratio of elapsed time is calculated based on the data 
of average recurrence interval and age of the last 
faulting event. This ratio has been calculated for 185 
segments. About half of those segments (89) exhibits 
a ratio between 01-0.4. 23 segments have a ratio 
more than 1.0, suggesting they are likely to failure.   
 
 
(9) Probability of 30 years (BPT / Poisson) 
 
Probability of occurrence of future faulting with BPT 
model (time dependent model) was obtained for 
segments the ratio of elapsed time is known (185 
segments). Other 223 segments have only Poisson 
probability based on the data of average recurrence 
interval. The Gofukuji segment has the maximum 
BPT probability of 25 % and Poisson probabilities of 
4 %.   
 

4. FUTURE ISSUES 
 
Using the Active Fault Database of AIST, we discuss 
the relationship between several fault parameters, 
such as length-slip rate, slip rate-recurrence interval, 
and so on. We hope this discussion will further our 
collective understanding of the nature of active faults 
and their evaluation. Furthermore, the occurrence of 
non-characteristic earthquakes on active faults is 
another problem for evaluation.  
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Fig. 5:  Average recurrence interval of fault segment 
with differnent type of deformation in Japan 
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Figure 5: Field evidences of the recent co-seismic activity of 

the Purgatorio Fault in Southern Peru forearc region. B/ 
Sampled scarp along the thrust fault. C/ Broken pebbles 
along the fault plane, sampled for 10Be dating. D/ Folded 
recent ashes and sediments in the Purgatorio plain along 
the fault trace. 
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Abstract: Field investigations have been carried out along the fault system that accommodates the relative motion between the 
North Andean Sliver and the South American Plate in Ecuador. The project aims at mapping the segmentation of this major active 
fault system. A series of fault strands newly mapped in direct continuation to the Pallatanga Fault (PF) to the north allow the 
definition of a large structure capable of triggering large events. This is confirmed by the presence of historical well-preserved 
scarps and decametric offsets (probably due to the 1797 M7.5 Riobamba event) disrupting the Igualata volcano. We could not 
find evidence for any structural continuity between the PF and the fault mapped in the Huisla volcano to the NE. We suggest that 
a 5-10 km wide step over separates the two segments and probably blocked the 1797 rupture. A recent surface rupture has also 
been recently discovered during the M5 Pisayambo quake along the Cosanga Fault (CF) system, with uncommon surface rupture 
length and displacement. From the few unearthed evidences, we estimate at a first glance that the mean slip rate along the PF 
and CF is similar (≈1 mm/yr). 
 
Key words: Earthquake Geology, Historical Surface ruptures, Segmentation, Ecuador. 
 
 
GEOLOGICAL FRAMEWORK 
 
Relative motion between the North Andean Sliver (NAS) 
and the South American Plate (SAP) is accommodated 
along a large continental fault zone at 8 mm/yr rate, 
including the Pallatanga Fault (PF). The PF crosses the 
entire Western Cordillera and localizes the deformation 
between the SAP and NAS (Alvarado et al., 2016), and is 
suspected to have hosted large historical earthquakes 
(1698?, 1797, 1911, 1949) reported by Beauval et al. 
(2010). Its 65+ km surface trace is quite well known from 
Juan de Velasco (SW) to the Cajabamba area (NE) where 
three trenches were excavated, evidencing the 
occurrence of large prehistorical earthquakes, and 
among them the 1797 event (Baize et al., 2015). North of 
this, towards the Cosanga Fault (CF) in the Cordillera 
Real, the fault mapping is much less constrained and was 
the target of a 4m-high-resolved DEM analysis and field 
investigations. 
 
NEW INVESTIGATIONS 
 
Our recent efforts focused on mapping and 
documenting the fault in this transition area between PF 
and CF. We aim both at mapping the active fault traces, 
characterizing their long-term activity and evidencing 
recent or historical surface ruptures. These topics are 
relevant steps to infer the rupture segmentation during 
large past events and to contribute to a better 
assessment of seismic hazard. During these last 
campaigns, we could characterize several fault strands 
that continue the PF to the north, defining a large fault 
capable to trigger large events. Three sectors were 
investigated: San Andres, Igualata volcano, Huisla 
volcano (Figure 1). 

 
Fig. 1: Location of the study areas, between the known and 
mapped segments (Pallatanga Fault and Cosanga Fault) in 
red (fault traces from Alvarado, 2012). White dashed lines 
are fault traces investigated. Yellow pins locate the main 
historical earthquakes. In green, the major active or 
dormant volcanoes in the area. Insert: the blue dashed line 
depicts the shear zone that separates the North Andean 
Sliver (NAS) from the South-America Plate (SAP). Red star: 
study area. 
 
The structural continuity between the PF on top of the 
Pliocene Igualata Volcano (IV) and the CF in the 
Pleistocene Huisla volcano (HV) is unknown but, at the 
end of our field investigation, we defined a 5-10 km step-
over which seems to have blocked the most recent 
surface rupture to the south. Finally, Holocene activity 
has been unearthed along the CF system, close to the 

NAS 

SAP 

Pisayambo 

mailto:stephane.baize@irsn.fr
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Pisayambo Lake, and we were able to document a new 
and clear surface rupture associated with a M5 
earthquake in 2010 as described below. We hereafter 
describe the geological evidences and their analysis 
from south to north. 
 
SURFACE RUPTURE EVIDENCES BETWEEN SAN 
ANDRES AND THE IGUALATA VOLCANO 
 
The San Andres Village and the IV slopes 
The 4m-resolution DEM reveals several lineaments 
aligned with the known trend of the Pallatanga Fault 
segments. These are developed within volcanic 
avalanche deposits (hereafter called ‘‘VAD’’) that filled 
the Riobamba basin 50 to 60 ka ago after the partial 
collapse of the Chimborazo edifice (Bernard et al., 2008). 
Along the lineament, we document evidences of folding 
and faulting of the volcanic and sedimentary deposits. 
Interestingly, the general course of a fault-perpendicular 
incised creek is deflected about 60 meters in the right-
lateral sense, including a localized 10 meters nearby an 
abandoned water-mill. This latter smaller-scale offset 
could be due to the last large earthquake of the area, i.e. 
the M7.5 1797 Riobamba event. Considering the age of 
the VAD and assuming that this creek initially incised in a 
linear course across the fault, we can preliminary 
estimate the slip rate at ≈1 mm/yr.  
Along the IV slopes north of San Andres, we could trace a 
series of compelling evidences of surface faulting 
affecting the thick Holocene organic soil, as well as large 

(5-10 m) cumulative NE-SW scarps, individual scarplets (1 
m) and right-lateral displacements of creeks (several tens 
of meters). 
 
The Igualata Volcano 
The best evidence of recent surface faulting crops out 
nearby the IV summit, with cumulative displacements of 
morphologic features and coseismic signs of a major 
historical event (scarp with free-face, en echelon 
fractures). The 1797 quake seems to be the best 
candidate, because of the vicinity of the epicenter. 
However, we cannot completely rule out the M~7.2 1698 
event (Beauval et al., 2010). 
The general geomorphic expression is of a right-lateral 
fault zone generating a counter-slope scarp and related 
sag ponds (Figure 2). The right-lateral kinematics are 
attested by left-stepping en-echelon fractures during the 
last quake, and by successive displacements of 
morphological features, especially an erosional 
‘‘channel’’ (CH) for which we could identify at least 5 
remnants in the downthrown block (Figure 2). 
Successive dextral displacements of this ‘‘CH’’ are 
between 8 (last event) and 18 m. The cumulative vertical 
component is about 4 meters. These displacement 
values are really high, even for M≈7.5 events like the 
1797 Riobamba quake, and we suggest that they could 
correspond to multi-event offsets.  The fault trace can be 
mapped up to the northern IV slope, displacing moraine, 
terrace risers, Holocene marsh deposits. 

 

 
Fig. 2: Cumulative fault trace across the Igualata volcano (IV) summit. En echelon left-stepping fractures and recent free face 
scarps represent the most recent surface rupturing event, probably the 1797 Riobamba earthquake (northern end of the same 
rupturing event observed in Baize et al., 2014). They reveal a prevailing right-lateral mechanism, consistent with current regional 
kinematics. 

 
DISLOCATION OF THE HUISLA VOLCANO CLOSE TO 
PELILEO 
 
In this area, we report evidences of cumulative fault 
displacement, but no clear proof of historical surface 
rupture. Five kilometers north of the trace in the IV, the 
dislocation of the inactive Huisla volcano is the closest 

recent geomorphic sign of coseismic deformation. The 
morphology of the edifice is symptomatic of a large 
sudden collapse of the cone, which beheaded the edifice 
and formed the large and hollowed valleys on top. The 
related slide and accumulation of avalanche debris 
reached the Patate River valley. According to P. Mothes 
(personal communication), the Huisla avalanche could 
have occurred 30 ka. Therefore, all the tectonic features 

CH 
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that are described hereafter are younger (Upper 
Pleistocene to Holocene). 
An overview of the edifice from the south enables 
roughly locating the fault zone (Figure 3) and, at closer 
distance, a series of benches which disrupt the major 
slope could indicate the fault trace. On its eastern flank, 
the HV also is cut by the fault which displaces an incised 
valley with a significant (≈60 m) right-lateral component. 
Down to the Rio Patate valley, the road-cuts of the new 
Pelileo - Riobamba highway offers massive outcrops. In 
one of these, we could document a Quaternary NE-SW 
fault between the Huisla VAD and a series of stratified 
deposits mixing colluvial layers and volcanic falls. The 
strike-slip fault kinematics of the shear zone there attests 

to a tectonic origin, despite the very steep slope which is 
affected by numerous mass movements. The 
northernmost fault segment investigated during our 
November 2015 field session was inferred from 
morphological analysis: a pressure ridge dams a paleo-
valley on the right side of the Patate valley, in the exact 
continuation of the NE-SW shear zone described before. 
The area did not reveal any evidence of historical surface 
rupture and, to date; it seems that both the 1797 and 
1949 earthquake faults did not reach the surface there. 
The road cut outcrop suggests that the most recent 
colluvial deposits are not deformed. 
 

 

 
Fig. 3: View from south of the Huisla volcano (HV) disrupted by a dextral fault (red dashed line). Yellow lines represent the 

hypothetical flanks and slopes of the former edifice. 

 
The epicentral area of the 1949 Pelileo earthquake 
suffered many landslides and other secondary effects 
during shaking. The former Pelileo city (nowadays re-
built; La Moya) was destroyed by superficial movements 
during the 1949 quake. Archives also report that most of 
the Patate River valley slopes were affected by heavy and 
deep-seated movements mobilizing several millions of 
cubic meters. 
 
THE PISAYAMBO EARTHQUAKE ON THE COSANGA 
FAULT ZONE 
 
In 2010, a magnitude 5 earthquake occurred in the 
Pisayambo Lake region, 25 km north-east of Pelileo city. 
Surprisingly, this quake produced significant surface 
faulting that could still be discovered four years after 
from InSAR analysis. This study (Champenois et al., in 
prep.) has shown the occurrence of a 9 km long linear 
anomaly in interferograms, with relative displacements 
in the Line-of-Sight of about 50-60 cm, which we 
interpret as the evidence of a surface faulting event.  
During a field reconnaissance in 2014, we could check 
the ‘‘InSAR’’ surface rupture trace and geologically map 
the field clues that have been preserved. The ‘‘coseismic’’ 
evidences are located along a cumulative fault which 
displaces the Pleistocene moraines and the Holocene 
soils. All along the investigated fault, we could 
document right-lateral offsets of 10 to 20 meters versus 
1 to 2 meters of vertical throw. At some places, these 
offsets are distributed over several parallel segments. A 
stratigraphic section in a hand-made trench allowed the 

verification of the coseismic activity of the fault during 
the Holocene, with two major morphogenic quakes that 
produced a moraine free-face scarp between 2500-1000 
years BC and between 800-400 years BC. The fault 
segment here described is assigned to the Cosanga Fault 
zone (Alvarado, 2012). 
Four years after the quake, we could unearth the traces 
of surface faulting, which were conspicuously preserved: 
open cracks, ENE-WSW left stepping en-échelon fissures, 
NE-SW fractures with relative displacement and pop-up 
features. Fault strike is generally around N30°-N50°E 
consistent with the InSAR results (Alvarado, 2012). The 
overall deformation pattern is consistent with right-
lateral kinematics. Average (AD) and maximum (MD) 
values of displacement are really high for such a 
moderate earthquake, respectively of 22 to 26 cm and 37 
to 61 cm (according to field and InSAR measurements, 
respectively). Applying the classical empirical 
relationships (Wells and Coppersmith, 1994), these fault 
parameters should be associated with a M6.2-6.5 
earthquake. 
According to the InSAR data and their inversion, we can 
summarize the fault parameters as follows: surface 
rupture length is 9 km, fault width 2 km, fault dip 60° to 
the east (Champenois et al., in prep.). When converting 
the average slip (about 25 cm) over the fault surface area 
(18 km²), the equivalent moment magnitude of such an 
event is Mw=5, assuming realistic shallow conditions for 
the local crust (i.e. Vs=2000 m/s, density 2.5 and 
therefore a shear modulus of 10 GPa). This is completely 
consistent with the seismological data (Figure 4) and we 
here emphasized that the Wells and Coppersmith (1994) 
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relationships are to be applied carefully, especially when 
trenching data like AD or MD are used.  
One question still remains open: we cannot rule out that 
part of the measured surface slip has been released 

aseismically during the 16 days-time period covered by 
the successive radar data. 
 

 

 
Fig. 4: Focal parameters of the 26/3/2010 M5 Pisayambo earthquake and associated surface rupture as observed in 2014 (from 

Champenois et al., in prep.). Surface right lateral and vertical offsets are around 25 cm and ~10 cm, respectively, coherent in 
scale from both the field observations and the INSAR imagery. 

FUTURE WORKS 
 
Future field surveys and optical imagery analyses will 
focus on completing the active fault and surface rupture 
mapping, in the framework of the newly re-funded 
‘‘REMAKE’’ project. To date, we could drastically refine 
the fault segmentation of the PF and CF, but the final 
product is not achieved yet. The paleoearthquake history 
of the fault zone has not been continued since the 
successful trenches in Rumipamba (Baize et al., 2015). 
We emphasize that, with the future segmentation map 
of the fault system, we would be able to propose 
scenarios for the earthquake rupture propagation 
through the system which was able to cause magnitude 
7.5 quakes in the past. Trenching in the Igualata summit 
area or in the Huisla zone could be relevant targets for 
achieving that project.  
In addition, we emphasize that the CF and PF system 
only accommodates 1 mm/yr over the 8 mm/yr of 
dextral shearing between NAS and SAP: further works 
will also have to focus on figuring this deficit out: how 
this deformation is absorbed; or is this due to other 
unmapped active faults? 
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Abstract: The 98-year open interval since the most recent ground-rupturing earthquake in the greater San Andreas boundary 
fault system would not be predicted by the quasi-periodic recurrence statistics from paleoseismic data.  We examine whether the 
current hiatus could be explained by uncertainties in earthquake dating. Using seven independent paleoseismic records, 100 year 
intervals may have occurred circa 1150, 1400, and 1700 AD, but they occur in a third or less of sample records drawn at random.  
A second method sampling from dates conditioned on the existence of a gap of varying length suggests century-long gaps occur 
3-10% of the time.  A combined record with more sites would lead to lower probabilities.  Systematic data over-interpretation is 
considered an unlikely explanation.  Instead some form of non-stationary behaviour seems required, perhaps through long-range 
fault interaction.  Earthquake occurrence since 1000 AD is not inconsistent with long-term cyclicity suggested from long runs of 
earthquake simulators. 
 
Key words: paleoseismology, earthquake recurrence. 
 
 
INTRODUCTION 
 
The conditional probability estimate of a future 
earthquake depends on the dates of past events, their 
uncertainties, and the probability model assumed to 
characterize recurrence.  A less recognized assumption is 
that the recurrence process is stationary; that is, that 
statistics derived from past earthquakes can be applied 
to future occurrences.  Jackson (2015) recently called this 
assumption into question using recurrence models and 
parameter estimates from paleoseismic data in the 
Uniform California Earthquake Rupture Forecast 3 
(UCERF3) model (Field et al., 2014; Biasi, 2013).  For the 
paleoseismic sites in UCERF3, an open interval of 98 
years has elapsed since the historic 1918 earthquake on 
the San Jacinto Fault.  Jackson (2015) finds the joint 
probability of such a long interval since 1918 to be very 
small.  He offers as potential explanations that perhaps 
the geologic record is misinterpreted, with ~30% too 
many earthquakes, or that earthquake occurrence is 
governed by some physics or correlation process such 
that recurrence is not a stationary process.  In the former 
case, data underlying UCERF3 are impeached; in the 
latter, recurrence parameters from past earthquakes 
would not be useful for future occurrences, and the 
whole time-independent rupture rate forecast is put on 
shaky ground.   
 
Jackson (2015) considers a set of seven paleoseismic 
sites with long paleoseismic records, including the San 
Andreas Santa Cruz Mountains, southern Hayward, 
central Garlock, San Andreas Wrightwood, San Jacinto 
Hog Lake, Elsinore Temecula, and Compton (Figure 1; 

event ages, Figure 2, obtained from UCERF3 Appendix G, 
Weldon et al., 2013).  The sites were chosen as they are 
spatially separated and therefore each paleoearthquake 
record is likely to be independent and would not reflect 
the same earthquake(s). In this study, we use the same 
dataset except we use an updated Hog Lake record by 
Rockwell et al. (2014), which has slightly different age 
distributions and a historic 1918 event.  Records for the 
seven sites are considered complete for the most recent 
~1000 years.  
 

 
Figure 1.  Selected paleoseismic sites on the plate boundary fault 
system.  Sites considered by Jackson (2015):  HS, Hayward South; 
SC, Santa Cruz; GC, Central Garlock; WW, Wrightwood; C, 
Compton; ET, Elsinore Temecula; and HL, Hog Lake.  Site CO, 
Coachella, among others, also have long records. 
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Figure 2. Mean age of 35 historic and paleoearthquakes in the 
dataset. Horizontal bars show 95% range of radiocarbon-dated 
paleoearthquake ages, red vertical line on current year (2016).  
 
 
 
Impact of age uncertainties 
Prehistoric earthquake ages are derived from Bayesian 
modeling of radiocarbon dates obtained from organic  
material in sediments bracketing the paleoearthquake 
horizon.  As a consequence, the timing of prehistoric 
paleoearthquakes are defined by probability distribution 
functions (PDFs) rather than an individual year. We first 
consider whether the conclusions of Jackson (2015) 
might be affected by inclusion of paleoseismic age PDFs. 
This is accomplished by testing interval lengths.  We 
sample within event distributions, sort event occurrence, 
and tabulate incidence and length of “gaps,” or periods 
with no earthquakes.  One view of this sampling is 
provided in Figure 3. On average the record since 1000 
AD has had 2-4 earthquakes per century, but the periods 
from 1100-1200 and near 1700 have 1 or fewer in many 
samples.  Roughly 20% of samples drawn this way 
include gaps of 100 years or more. Gaps concentrate 
around 1150, but can occur near 1400, and 1700 A.D 
(Figure 3). Thus century-long hiatuses are not frequent, 
but neither are they completely unlikely outliers.  
Interestingly, periods also occur with as many as 7 
events per century, or nearly twice the long-term 
average.  The record is obviously short, but the apparent 
cycles of 200-300 years in Figure 3 are interesting 
potential support for the existence of super-cycles 
recognized in long runs of earthquake simulators (Milner 
and Jordan, 2015). 
 
How much wiggle room?   
We now consider a second approach in which a gap is 
inserted as a given length of time, and the probability 
consequences evaluated.  It is helpful to consider how 
probabilities are affected using the familiar example of 
two fair 6-sided dice.  There are 15 ways out of the 36 
possible combinations in which the second die has more 
spots than the first, a condition equivalent to age 

ordering between them.  By comparison, there are only 
six ways out of 36 in which a gap of two or more spots 
can occur between the first and second die (1:4,5,6; 2:5,6; 
3:6).  Thus, relative to simply having more spots in the 
second dice, the requirement of an extra gap of 2 spots 
reduces the probability by 9/15.  When gaps are forced 
into paleoseismic event dates, larger separations push 
distributions to their edges.  We examine this effect with 
a sampling method that evaluates how probabilities of 
gaps evolve with gap size and location in the record. 
 
 
 

 
Figure 3.  Running count of the number of events per century since 
1000 AD is estimated by sampling from event distributions and 
counting in a sliding 100 year window starting at 20 year points. 
Each line reflects one of 100 picks through the paleoearthquake 
event PDFs.  It is tempting to see 200-300 year cycles in these data. 
 
We illustrate how sampling works and redistributes the 
earthquake age PDFs in Figure 4.  As a matter of 
efficiency and because the gap really only affects a few 
paleoearthquake ages before and after the forced gap, 
we subsample the total record in this testing phase, a 
method demonstrated in Biasi and Weldon (1994). In 
Figure 4 we show the posterior earthquake age PDFs 
based on 500 successful samples through the event 
PDFs.   
 
Three PDFs before the gap and three after are shown in 
Figure 4 for gap widths from 20 to 120 years. By 
comparing upper PDFs to the 20-year gap case, a sense 
for the probability of the gap can be inferred.  For a gap 
of 100 years near AD 1150, event dates are moved 
slightly later, and the two dates before the gap have to 
be chosen in the early part of their prior ranges.   
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Figure 4.  Posterior event PDFs conditioned on a gap after event 6 
(blue pdf) in the mid-1100's. Colors and dashed lines are to 
distinguish individual event date distributions and make it easier to 
follow how individual cases change with gap size.  Successive sets 
of PDFs are displaced upward as a plotting device.   
 
Figure 5 generalizes the process in Figure 4 across all 
events in the combined record.  In Figure 4 the vertical 
axis shows the number of trials to obtain 500 sample 
series from the event PDF’s conditioned on including the 
indicated gap.  The upper limit number of trials is set to 
500,000.  If this number of trials is reached before finding 
500 successes, the sampling success rate is lower than 1 
in 1000.  We cannot fit gaps of all sizes between all 
events.  For example, at 1300 AD, gaps of 20 or 40 years 
are possible, gaps of 60 years barely work under the 
1:1000 criteria, and gaps of 80 years or larger do not fit.  
This occurs because PDFs before and after the gap are 
relatively narrow, and a gap larger than 60 years would 
push surrounding age PDFs beyond the tails of the prior 
distributions. The vertical axis with numbers of trials can 
be used to compare probability estimates if the 20-year 
gap case is considered a lower likely average separation.  
This approach corresponds to the dice analogy 
introduced earlier, with the second die showing more 
spots than the first.  As in the dice illustration, the 
number of trials divided by 500 for a larger gap is an 
approximate measure of its relative probability.  Thus a 
gap of 100 years near 1200 AD would be associated with 
an ~order of magnitude lower probability than a 20 year 
gap based on the event PDFs.  Although a century-long 
gap near 1200 AD is not preferred by the data, it is not 
impossible either. 
 

 
Figure 5.  Proxy probability measure for gaps from 20 to 120 years 
at various times in the paleoseismic record.  Larger gaps require 
more trials to find 500 successes.  In some spaces large gaps are 
incompatible. Gaps after 1812 are historically identified. 
 
Discussion 
When gaps in the paleoseismic record are approached as 
conditions on the data, a similar view emerges to results 
from direct sampling within uncertainties.  Gaps of 100 
or more years are not favored in this dataset, but neither 
are they strongly contradicted.  With event age 
uncertainties included, gaps of 100 years or more occur 
in about 20% of the samples, with long intervals 
concentrated in the 12th, 15th, and 18th centuries. We do 
not calculate actual probabilities for the whole set here, 
but a rough estimate would include them with a 
likelihood of 3 to 10%.  This small probability confirms 
that for the data considered, the present open interval is 
unusual, but perhaps not so unusual as to entirely 
discard chance as its explanation.   
 
The probabilities of gaps depend strongly on the event 
set being considered.  We have used the set considered 
by Jackson (2015) to provide corresponding values from 
the paleoseismic data. Two qualifications should be 
noted.  First, the sites selected are extremely 
heterogeneous and not favorable for generalizing about 
the San Andreas system.  Legitimate statistical 
conclusions may be drawn from the record ensemble of 
Jackson (2015), but the sites selected are, by design, 
unconnected, and thus not representative of the fault 
system in a paleoseismic sense.  Records include long 
and short recurrence sites (Wrightwood vs. central 
Garlock, thrust faults (Compton), and records where 
completeness could be questioned (Elsinore Temecula). 
Second, probabilities of gap sizes depend on the site 
selection.  Adding more sites (e.g., the southern San 
Andreas Coachella record, Figure 1, Philibosian et al., 
2012) will make it increasingly difficult to explain the 
current long open interval as a chance occurrence on the 
basis of dating uncertainty. At the same time such an 
addition would strengthen the statistical argument in 
Jackson (2015).  In principle, without rejecting the whole 
paleoseismic record as over-interpreted (Jackson, 2015), 
strategic removal of an event from the record could 
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make room for a gap of 100 years or more, but we 
restrict our consideration to the data as reported. We 
would consider it unlikely that records have been 
systematically over-interpreted.  While locally an extra 
earthquake may creep in, missed events also occur and 
are discovered only later with further excavation.  While 
each of these records contains multiple lines of evidence 
for individual earthquakes, most of the original field 
studies recognize that evidence for individual 
paleoearthquakes is of variable quality.  Future studies 
may examine the inclusion of low-quality events, but 
long-range interactions, stress shadow effects from large 
historical ruptures, and changes in seismicity rates seem 
to be better possibilities than systematic recording or 
dating problems to explain the current open interval.   
 
Acknowledgments: Data used in this work were adopted from 
UCERF3 Appendix.  We thank Dave Jackson for discussions on 
these issues, and USGS reviewers S. DeLong and D. Schwartz for 
their thoughtful reviews. 
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Abstract: The surface uplift of mountain belts can have profound effects on precipitation patterns and moisture distribution, 
potentially resulting in the development of orographic rain shadows and aridification.  Within Africa, the Moroccan High Atlas 
Mountains are the highest (2-4km elevation) topographic relief formed by Alpine tectonics. However, the uplift history of the 
Moroccan High Atlas has been a matter of debate for many years.  New palaeoaltimetry data from Late Miocene lacustrine 
limestones that suggest that the High Atlas had a mean altitude of 1200 ± 500 m through the Middle-Late Miocene.  While 
geomorphic data (river long profiles and river terrace data) support models that propose ~1000 m of elevation have been gained 
during the Plio-Quaternary. These new data provide independent constraints on the timing and magnitude of orogenic 
development in the High Atlas that is driven by mantle upwelling and fault reactivation.   
 
Key words: Morocco, Neotectonics, Palaeoelevation, Fluvial Geomorphology, Uplift 
 
 
Introduction 
 
The High Atlas Mountains are a Cenozoic mountain belt 
trending ENE-WSW for over 2000 km from Morocco in 
the west to Tunisia in the east, and have the most 
significant relief in North Africa rising to over 4000 m in 
elevation.  Alpine shortening resulted in the inversion 
and uplift of Mesozoic rift basins sometime between the 
Late Eocene and Quaternary (e.g., Frizon de Lamotte et 
al., 2000; Balestreri et al., 2009), developing a bivergent 
mountain chain. 
 
However, the timing of topographic growth of the High 
Atlas Mountains of Morocco has proved to be a 
contentious topic.  Several lines of evidence point to two 
phases of surface uplift. Deposition of two distinct 
conglomeratic units within the Ouarzazate foreland 
basin (Fig. 1) have been related to phases of active uplift 
triggering enhanced erosion in the hinterland (e.g., El 
Harfi et al., 2001) with intervening lacustrine facies being 
interpreted by El Harfi et al. (2001) as evidence for a 
period of tectonic quiescence during the Middle 
Miocene.  Similarly, the regional unconformities of the 
late Eocene/Oligocene (~ 35 – 25 Ma) and early Pliocene 
(~ 5 – 1 Ma) have been attributed to pulses of 
deformation separated by tectonic quiescence 
(Fraissinet et al., 1988). In contrast, apatite fission-track 
analyses (Missenard et al., 2006; Barbero et al., 2007; 
Balestrieri et al., 2009) have constrained the onset of 
exhumation to the late Oligocene (~27 Ma).  While 
continuous tectonic activity and structural shortening 
throughout the Oligocene to Pliocene has been deduced 
by Teson and Teixell (2008) using syn-sedimentary 
relationships in the fold and thrust belt, all suggesting a 
single continuous deformation event.   
 
Here we investigate the palaeoelevation of the High 
Atlas from the Middle/Late Miocene to the present using 

dual stable isotope ratios (Horton and Oze, 2012) from 
lacustrine carbonates deposited in the Ouarzazate Basin 
to investigate when topography was generated in the 
High Atlas Mountains prior to the Plio-Quaternary.  We 
then address the magnitude and rate of Plio-Quaternary 
uplift using fluvial geomorphology of rivers flowing 
southwards into the Ouarzazate Basin. 
 
Ouarzazate Basin 
The Ouarzazate Basin (Fig. 1) developed as the southern 
foreland basin to the High Atlas Mountains in the 
Cenozoic and contains a comprehensive record of 
sedimentation from that time (Teson et al., 2010).  From 
20 Ma to ~ 0.5 Ma, the basin was characterized by 
endorheic drainage and continental sedimentation in 
alluvial fan and palustrine environments (El Harfi et al., 
2001).  The ~ 1000 m sedimentary fill of the basin is 
tripartite, with Middle Miocene conglomerates (Aït 
Ouglif Fm.), Middle-Late Miocene lacustrine limestones, 
marls and gypsum layers, and Plio-Quaternary 
conglomerates (Aït Ibrirn and Aït Seddrat members of 
the Aït Kandoula Fm., respectively (El Harfi et al., 2001).  
Magnetostratigraphy of the succession (Benammi et al., 
1996; Teson et al., 2010) demonstrates that the 
deposition of lacustrine facies of the Aït Ibrirn Mb. took 
place from ~13.5 – 5 Ma. Therefore, the carbon and 
oxygen isotope composition of these sediments can 
provide a record of the mean catchment elevation for 
Ouarzazate Basin lakes in the Middle-Late Miocene.  At 
~0.5 Ma the headward erosion of the Draa River 
captured the drainage of the Ouarzazate Basin resulting 
in incision of the earlier deposits.  The present day 
drainage pattern is dominated by the Dades-Draa River 
system and associated tributaries that drain southwards 
across the Southern Atlas Thrust front, exiting the basin 
south of the town of Ouarzazate (Fig. 1). 
 
Miocene  Palaeoelevation 
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Lake sediments can serve as powerful archives of 
palaeoclimatic and palaeoenvironmental information, 
including palaeotopography (Talbot, 1990). Carbonate 
sediments precipitated in lakes typically form in 
chemical equilibrium with lake water, reflecting the 
input of surface precipitation from the surrounding 
catchment, because the oxygen isotopic composition of 
modern precipitation exhibits a well-documented 
relationship with surface elevation (Bowen and 
Wilkinson, 2002). However, this original isotopic 
composition can be subsequently modified by 
evaporation, masking the original elevation signal. 
Comparisons of lake carbonate δ13C and δ18O with the 
composition of lake inflow show that a strong 
covariance exists between the two isotope ratios 
(Horton and Oze, 2012). This covariant relationship has a 
consistent slope (Horton et al., 2015) allowing combined 
δ13C and δ18O measurements to be used to correct for 
evaporative enrichment. The resulting parameter, 

referred to as 13C-excess, is strongly correlated to lake 
catchment elevation (Horton and Oze, 2012).    
 
We sampled lacustrine carbonates from five sections of 
the Aït Ibrirn Mb. in the Ouarzazate Basin, spanning 
7.5 Myrs for palaeoelevation estimates. Two sections 
exhibit relatively constant isotope ratios, with no 
stratigraphically coherent shifts in either δ13C or δ18O. By 
contrast, the other three sections exhibit a ~3 ‰ 
negative shift in both δ13C and δ18O (Fig. 2). Determining 
catchment elevation from 13C-excess first requires 
accounting for the impacts of other factors known to 
influence δ18O; latitude, continentality and temperature 
of carbonate precipitation. We apply normalizations of -
2.9 ‰ and 0.6 ‰ to δ18O for the modern latitude of 
31° N and coastal distance of 300 km, respectively. 
Accounting for lake temperature is more difficult, due to 
the absence of independent regional temperature 
estimates; we therefore apply a range of possible lake 

Fig. 1 Simplified geological map of the Ouarzazate region showing the main geological units present, key locations, trunk rivers 
and (where present) knickpoints (black circles). Rivers 7, 10 and 13 shown in Fig. 2 are also indicated. Light grey squares 
indicate locations sampled for isotope analysis (modified from Boulton et al., 2014). 
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water temperatures of 20-35°C, resulting in 
normalizations of -1.0 to 1.9 ‰ for δ18O and -0.7 to 1.3 
‰ for δ13C.  As temperature is a second-order effect on 
lacustrine carbonate δ18O, this imposes an additional 
uncertainty to the elevation estimates of only ~±150 m.  
After correcting for these effects on our data, these 
sections produce catchment elevation estimates of 1.2 ± 
0.5 km for the Middle-Late Miocene, suggesting that 
surface elevation was relatively stable for the ~ 7.5 Myr 
that these data span. 
 

  
Fig. 2. Cross-plot showing δ18O versus δ13C measurements 
from lacustrine carbonates in the Ouarzazate Basin. 
 
Plio-Quaternary Uplift 
 
Modern mean elevation of the High Atlas Mountains 
north of the sampled locations is ~ 2300m and ranges 
from 1800 – 2600 m, further suggesting that ~ 1000 m of 
surface uplift has occurred in the post-Miocene period.  
Similar magnitudes of surface uplift have also been 
proposed for Middle Atlas Mountains by Babault et al., 
(2008) who recognised Messinian marine deposits at 
1200 m elevation and Pastor et al., (2015) using 
reconstructed river profiles indicating up to 1000 m of 
rock uplift. 
 
We quantitatively analysed the long profiles of 32 rivers 
that drain southwards across the Southern Atlas Fault 
(SAF) into the Ouarzazate Basin (Boulton et al., 2014). The 
majority of the rivers exhibit at least one knickpoint 
upstream of the thrust front (Fig. 3). The height of the 
knickpoints varies from 100 – 1300 m, with calculated 
incision at the range bounding fault ranging from 80-
1040 m (Fig. 3).  In map view, knickpoint locations 
generally plot along sub-parallel lines and there are no 
obvious relationships with lithological units for 
knickpoints exhibiting slope-break morphology. Channel 
reaches below slope-break knickpoints have higher 
mean concavities (0.76) than above the knickpoint.  This 
observation combined with a lithological or river-
capture origin for the knickpoints having been ruled out 
indicates that an increase in uplift rate along a planar 
fault zone during the Plio-Quaternary caused the 
initiation of the transient response (i.e., knickpoint 

formation) to a change in base-level observed in the 
river profiles.   
 
The knickpoint elevation and magnitude of incision 
indicated by the river profile analysis indicates ~ 1000 m 
of surface uplift has taken place in the Plio-Quaternary, 
supporting previous estimates and in accordance with 
Pre-Pliocene estimates of palaeoelevation. 
 
 

 
Fig. 3.  Representative examples of river profiles (solid 
lines) that exhibit knickpoints (circles) and segmented 
power-law scaling characteristic of slope-break 
knickpoints, each river is labelled with a number that 
corresponds to those shown in figure 1.  Reconstructed 
relict profiles (with 1 sigma error), magnitude of range front 
incision (grey dashed arrow) and position of the frontal 
thrust (black arrow) are also shown, modified from Boulton 
et al. (2014).  
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Discussion and Conclusions 
 
We show that the mean elevation of the catchments 
feeding the Tortonian Ouarzazate Basin lake system was 
~ 1000 m lower than the present day mean elevation of 
the same region, consistent with estimates of rock uplift 
determined from river profile analysis of rivers flowing 
across the Southern Atlas Fault system (Boulton et al., 
2014) and previous estimates for the magnitude of 
Quaternary surface uplift in the Middle Atlas (Babault et 
al., 2008). This result supports models for a two-phase 
development for the topography of the High Atlas.  The 
sections measured span > 8 Myr during the Late 
Miocene, yet the derived paleoelevations are similar for 
each section, suggesting either that any uplift during 
this time period was balanced by denudation, or it was a 
period of tectonic quiescence.  Both interpretations 
imply that tectonic deformation was not significantly 
changing the mean elevation of the mountain range; 
during the Late Miocene period and thus supporting 
increased rates of uplift during the Quaternary. This 
pulse of uplift is recorded in the fluvial systems through 
knickpoint generation and landscape rejuvenation as a 
response to reactivation of crustal-scale reverse faults.  
Offset Quaternary terraces in the Ouarzazate basin also 
suggest that active thrusting is occurring at the thrust 
front and may have stepped forward into the foreland 
basin (i.e., Arboleya et al., 2008; Pastor et al., 2012a).  
Therefore, although current levels of seismicity along the 
SAF are low, the evidence of Quaternary active faulting 
combined with historical events (i.e., the 1960 Agadir 
earthquake) that are generally < 70 km in depth (Medina 
and Cherkaoui, 1991) suggests that the seismic hazard 
along the SAF may be higher than previously 
recognised. 
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Abstract: Eight event horizons, consisting of 74 mass transport deposits (MTDs), were mapped using high-density sub-bottom 
profiles surveyed at Lac Dasserat, northwestern Quebec, Canada. Five of the event horizons (H-D) are intercalated within 
glaciolacustrine deposits of glacial Lake Ojibway, the other three (C-A) are at the interface of the glaciolacustrine-lacustrine 
deposits. Event horizons H, G and E exhibit are interpreted to be the products of paleoearthquakes, respectively, based on the 
relative strength of the multi-MTD signatures, the lack of likely alternative aseismic interpretations, and the occurrences of 
similarly-aged disturbed deposits regionally in NW Quebec-NE Ontario.  
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INTRODUCTION 
 
Large areas of central and eastern Canada were 
inundated for periods up to several thousand years by 
large glacial lakes that evolved during the recession of 
the Laurentide Ice Sheet (LIS). Thick accumulations of 
glaciolacustrine deposits aggraded within these water 
bodies that are well preserved within the basins of 
modern lakes. Submarine mass transport deposits 
(MTDs) can be present within glaciolacustrine or early 
post-glacial lacustrine deposits and some have been 
inferred to be evidence of paleoearthquakes (Adams, 
1982; Shilts et al., 1992; Ouellet, 1997; Doughty et al., 
2014). Some of the latter MTDs may be evidence of 
deglacial seismicity that is related to crustal unloading 
associated with the retreat of the LIS. Although examples 
of late glacial seismicity are described by a number of 
studies in Fennoscandia, there is a lack of similar well-
documented examples from eastern Canada. 

Lac Dasserat is a moderately-sized lake covering ~28 km2 
that is located in NW Quebec, about 425 km NW of 
Ottawa, Ontario (Fig. 1). The presence of multiple MTDs 
within the lake was initially discovered within sub-
bottom acoustic profile (SAP) returns collected in 2010 in 
support of an environmental investigation of metal 
contamination from a nearby former mining site. This 
extended abstract assesses the possible seismogenic 
origin of three event horizons that exhibit multi-MTD 
signatures and which are intercalated with 
glaciolacustrine deposits of glacial Lake Ojibway.  

STUDY AREA 
 
Lac Dasserat is up to 12.4 km long, 6.5 km wide and 
locally 17 m deep. Typical of many lakes on the Canadian 
Shield, the lake is irregular in shape and bathymetry, 
reflecting the relief of the underlying bedrock. The local 
surficial geology is mapped predominately as deep 

water glaciolacustrine sediments with numerous 
outcrops of bedrock, pockets of glacial deposits, and 
wetlands. The lake is located within an intracratonic 
setting ~150 km north of the belt of concentrated 
historical seismicity of the Western Quebec Seismic Zone 
(WQSZ), which encompasses parts of SW Quebec, SE 
Ontario, and N New York State (Fig.1). The 1935 
Temiskaming earthquake (M 6.1) is the most significant 
to occur historically within the northern portion of the 
WQSZ; its epicenter was located ~165 km to the south of 
Lac Dasserat (Lamontagne et al. 2008).  
 
Lac Dasserat is situated within a large area of NW 
Quebec-NE Ontario that was inundated by a glacial lake 
impounded against the retreating LIS to the north. This 
water body, referred to at different stages as lakes 
Barlow, Barlow-Ojibway, or Ojibway, evolved within the 
isostatically-depressed landscape of the Timiskaming 
and Hudson Bay basins between about 11.0 and 8.4 14C  
 

 
 
Fig. 1: Map showing the location of the Lac Dasserat study area, 
Quebec, and historical seismicity of the Western Quebec Seismic 
Zone, eastern Canada (Source: Natural Resources Canada).  
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Fig. 2: Maps of the Lac Dasserat study area depicting A) the grid of 15 kHz profile lines used to compile the event horizon maps and the six coring 
sites, and in B), C) and D) the lateral extent and thickness of the mass transport deposits (MTDs) within event horizons E, G and H (stratigraphically 
youngest to oldest), respectively. All three event horizons are intercalated within glaciolacustine deposits of glacial Lake Ojibway. The arrows on 
the maps represent the interpreted direction of mass transport flow. The MTDs interpreted to originate from separate source areas are numbered 
on each map. The majority of the source areas are located above the modern water level of Lac Dasserat. Not shown are event horizon D, which 
overlies horizon E, or horizon F situated between horizons E and G. Horizons D and F consist of single and paired MTDs, respectively. 

cal BP (Vincent and Hardy 1979; Veillette 1994). The 
succession of lake stages ended when glacial Lake 
Ojibway drained catastrophically northwards into the 
James and Hudson basins through a breach in the LIS. 
For simplicity, the glaciolacustrine deposits in Lac 
Dasserat are referred to as glacial Lake Ojibway deposits.  
 
METHODOLOGY 
 
The SAP survey at Lac Dasserat was undertaken between 
September 9 and 17, 2014, using a Knudsen CHIRP 
Pinger SBP™ echosounder system. Profiling data was 
collected using low frequency (LF) 15 or 3.5 kHz and 
high frequency 200 kHz transducers. About 144 line-km 
of profiles were collected within a dense sampling grid 
spaced mostly 40 to 60 m apart (Fig. 2A).  On each 15 
kHz profile, the top and bottom surfaces of the MTDs 

were picked within the upper portion of the lake 
stratigraphy to map and identify the stratigraphic levels 
of the MTD occurrences. These stratigraphic levels 
defined eight event horizons composed of one to 
multiple MTDs, reflecting the stratigraphic distribution 
of the MTDs. The MTDs within a common event horizon 
are inferred to have occurred synchronously within the 
resolution of the SAP returns. Maps were compiled that 
depict the lateral extent and thickness of the MTDs 
occurring within each event horizon. 
 
Six locations within the surveyed area were cored using 
a Livingston piston corer from an ice cover in March 
2015 to recover glaciolacustrine deposits overlying or 
interbedded with the event horizons (Fig. 2A). The 
thicknesses of 548 rhythmic laminations (couplets) 
within a composite sequence of the recovered 
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glaciolacustrine deposits were measured on full-scale, 
high-contrast, radiograph images of the cores. The 
thickness pattern of the couplets were correlated to the 
regional Timiskaming varve series, which is composed of 
about 2100 rhythmites that have been interpreted to be 
annual varves and dated tentatively as accumulating 
between 10,570 ± 200 and 8470 ± 200 14C cal BP (Antevs, 
1925; 1928; Breckenridge et al., 2012). This correlation 
allows varve numbers (i.e., varve ages) relative to the 
regional series to be assigned to the individual 
measured varves in the Lac Dasserat cores. Possible error 
in the numbering of the Dasserat varves relative to the 
Timiskaming varve series is estimated to be ±2 varves.  

 
Results 
 
Mapping of the upper portion of the sub-bottom 
identified eight event horizons composed of an 
interpreted 74 mass transport deposits (MTDs). Forty 
eight of the MTDs are within five event horizons (H to D 
from stratigraphically oldest to youngest) that are 
intercalated between glaciolacustrine deposits. The 
remaining MTDs form three stacked horizons (C to A) at 
the interface of the glaciolacustrine-lacustrine deposits; 
these horizons are not discussed in this paper. No MTDs 
are present within the postglacial lacustrine deposits.  
 
Horizon E contains 21 MTDs that are distributed widely 
throughout the study area (Fig. 2B). Many of the deposits 
are coalesced and the lateral boundaries are 
indistinguishable in the SAP returns. Overall, horizon E 
exhibits a strong multi-MTD signature relative to the 
other event horizons. Event horizons H and G are 
composed of 11 and 13 MTDs, respectively (Fig. 2C and 
D). The MTDs in horizon H are located predominately on 
the western portion of the study area, while those of 
horizon G are located in the central and eastern portions. 
Horizons H and G both represent moderately-strong 
multi-MTD signatures relative to the strong signature of 
horizon E. In contrast, horizon D is composed of a pair of 
small MTDs within the southern and northern portions 
of the study area, while horizon F consists of a single 
MTD located in the northwestern area that is the thickest 
and most laterally extensive MTD within the study area.  
Both of the single and paired MTDs of these two 
horizons represent minor MTD signatures within the 
study area.  
 
The correlation of the Dasserat varves to the 
Timiskaming varve series indicates that the oldest and 
youngest measured varves span varve years (vyr) 1039 to 
1637. An additional 13 varve numbers were assigned to 
couplets that were too thin and/or deformed to be 
measured, extending the series to vyr 1650. Based on 
the varve year (less one year) of the couplet(s) 
immediately overlying a given event horizon in one or 
more cores, horizons H, G, F and E are interpreted to 
have formed in vyr 1268 1324, 1364, and 1483, 
respectively. Horizon D was not penetrated by any of the 
cores, but it formed between vyr 1484 and 1650, from its 

stratigraphic position in the SAP returns between 
horizon E and the top of the varve sequence.  
 
Discussion 
 
Occurrences of post-glacial multi-MTD event horizons 
have been interpreted to be evidence of 
paleoearthquakes, based on analogous MTD signatures 
from historical earthquakes in the same lake basin 
(Schnellman et al., 2002; Strasser et al., 2013). There is no 
historical analogue at Lac Dasserat because of the 
absence of post-glacial MTDs in the lake and its location 
outside of the WQSZ. Nevertheless, the strong and 
moderately-strong multi-MTD signatures of horizons E, 
and H and G, respectively, could be evidence of 
paleoseismicity. This inference is circumstantial, 
however, and requires consideration of possible 
aseismic mechanisms as well as supporting evidence 
outside of Lac Dasserat to be better substantiated. 
Neither horizons F and D, consisting of single and paired 
MTDs, respectively, are considered to be evidence of 
paleoseismicity, based on available data.   
 
With respect to aseismic mechanisms, these are 
considered from the context of a large glacial lake, as 
horizons E, G and H aggraded within glacial Lake 
Ojibway. The setting is assumed to be a deep water, 
distal depositional environment; a deep water location is 
inferred because water depths in excess of 30 m are 
considered necessary for varves to form in glacial Lake 
Ojibway (Veillette, 1994), and a distal location with 
respect to the sediment source is interpolated from the 
fine clay-silt texture of the varve sediments. The 
grounding of icebergs and the oversteepening-
overloading of slopes from sedimentation could account 
for isolated failures in the study area, but both seem 
unlikely to explain the occurrences and lateral extent of 
the observed multi-MTD signatures. In particular, the 
near absence of dropstones in the varve deposits implies 
that few icebergs were in the study area during the 
interval of interest. The distal location precludes high 
localized sedimentation from a nearby sediment source. 
Similarly, both wind-generated waves and rapid 
drawdown of the lake level also are considered to be 
unlikely mechanisms. While undoubtedly there were 
significant wind storms on glacial Lake Ojibway, the 
influence of wave action on the lake bed would be 
limited in deep water conditions.  There are no known 
rapid drawdown events of glacial Lake Ojibway during 
the time interval of interest. Overall none of the aseismic 
mechanisms are considered to represent good 
explanations for the occurrence of multi-MTD signatures 
of horizons E, G and H. 
 
In summary logs of the varve measurement sites, Antevs 
(1925; 1928) and Hughes (1959) recorded the presence 
of zones of ‘disturbed’ varves interbedded within 
sequences of numbered varves of the Timiskaming varve 
series. The number of the lowest couplet (less one year) 
in the immediately overlying varve sequence provides a 
minimum age for the disturbed deposit. Also, 



7th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 30 May to 3 June, 2016, Crestone, Colorado, 
USA 

 
 

INQUA Focus Group on Paleoseismology and Active Tectonics 
 

 
 
Breckenridge et al. (Fig. 5, 2012) report the presence of 
deformed varves in a core collected from Lac Duparquet. 
From these records, disturbed deposits with minimum 
ages of vyr 1483-1489, 1323 and1325, and 1263 are 
present at nine, two and one sites, respectively, located 
32 to 135 km from the study area. Also, from a varve 
study in NW Quebec-NE Ontario, Adams (1982) mentions 
that the best-developed synchronous deformation of 
varves at a number of sites happened in vyr 1487. 
Because of the tight chronological control provided by 
the varves, it is reasonable to assume that these 
disturbed or deformed deposits are synchronous with 
the nearly identical varve ages of horizon E (vyr 1483), G 
(vyr 1324) or H (vyr 1267). It thus follows that the failures 
within each group are the product of a common trigger. 
Although the varves at all of the sites accumulated 
within glacial Lake Ojibway, as opposed to 
independently in detached lake basins, a 
paleoearthquake mechanism best accounts for the 
presence of commonly-aged MTD/disturbed deposits at 
the widely-spaced locations. The case is compelling with 
the numerous sites of the vyr 1483-1489 group 
(including horizon E), although less, but still notably with 
the fewer sites of the two older groups (containing 
horizons G or H), especially considering that Antevs, 
Hughes and Breckenridge et al. were interested in 
studying varve sequences per se and not disturbed 
deposits. Horizons E, G and H, thus, are interpreted to be 
evidence of paleoearthquakes, but with high, medium 
and medium levels of interpretative confidence, 
respectively, in consideration of the relative strength of 
the multi-MTD signatures, the relative correlation to 
other disturbed deposits of similar age in the region, and 
the lack of likely alternative aseismic mechanisms. The 
paleoseismic interpretation of horizon E concurs with 
that of Adams (1982, 1989) for the synchronous 
deformation that he identified in vyr 1487. 
 
The stratigraphic position of horizons E, G and H reveal 
that the interpreted paleoearthquakes occurred during 
deglaciation when glacial Lake Ojibway was impounded 
behind the LIS. As such, these paleoearthquakes may 
represent eastern Canadian examples of seismicity 
associated with relatively rapid crustal unloading during 
deglaciation, especially as Lac Dasserat is located ~150 
km north of the historical seismicity of the WQSZ. Of 
note, there may be additional paleoseismic evidence in 
Lac Dasserat; event horizon B, situated at the 
glaciolacustrine-lacustrine interface, also has a strong 
multi-MTD signature, and there are unmapped, deeper 
MTDs in Lac Dasserat.  
 
Conclusions 
 
The multi-MTD signatures of event horizons E, G and H 
are interpreted to have been triggered by 
paleoearthquakes reflecting the relative strength of the 
multi-MTD signatures, the regional occurrence of 
similarly-aged disturbed deposits, as well as the lack of 
alternative aseismic triggering mechanisms.  
 

The three interpreted paleoearthquakes occurred during 
regional deglaciation when glacial Lake Ojibway was 
impounded behind the LIS.  They may be evidence of 
seismicity caused by crustal unloading associated with 
the retreat of the LIS. 
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Abstract: The Sierra Madre Fault is a reverse fault system along the southern flank of the San Gabriel Mountains near Los Angeles, 
California. This study focuses on the Central Sierra Madre Fault (CSMF) to provide numeric dating on surfaces with ages previously 
estimated from soil development alone. We have refined previous geomorphic mapping conducted in the western portion of the 
CSMF near Pasadena, CA, with the aid of new lidar data. This progress report focuses on our geochronology strategy employed in 
collecting samples and interpreting data to determine a robust suite of terrace surface ages. Sample sites for terrestrial 
cosmogenic nuclide and luminescence dating techniques were selected to be redundant and to be validated through relative 
geomorphic relationships between inset terrace levels. Additional sample sites were selected to evaluate the post-abandonment 
histories of terrace surfaces. We will combine lidar-derived displacement data with surface ages to estimate slip rates for the 
CSMF. 
 
Key words: Sierra Madre fault, slip rate, terrestrial cosmogenic nuclide dating, luminescence dating, lidar.  
 
 
INTRODUCTION 
 
The Sierra Madre fault (SMF) system juxtaposes the San 
Gabriel Mountains against a series of basins north of the 
broader Los Angeles basin (Crook et al., 1987; Dolan et 
al., 1995; Rubin et al., 1998). This study focuses on the 
Central Sierra Madre fault (CSMF), the longest (85 km) of 
the four SMF segments, and one of the least studied with 
modern Quaternary geochronological techniques (Fig. 
1). Our understanding of the Quaternary history of the 

CSMF range front builds on previous investigations by 
Crook et al. (1987) and McFadden (1982).  Terrace ages in 
those studies were estimated from soil development and 
limited radiocarbon dates, and thus have wide 
uncertainties.  McFadden (1982) estimated the ages of 
two of the lower terraces in Arroyo Seco area as 13-4 ka 
and 70-13 ka based on regional soil development 
correlation. The suites of terraces on which we have 
focused were mapped as Qal2 and Qal3 by Crook et al., 
with age estimates of 11-2 ka and 200-11 ka, 

Fig.1:  Central Sierra Madre fault map. Fault traces are from the USGS Fault and Fold Database (USGS & CGS, 2006). Faulted 
CSMF units are based on mapping and nomenclature of Crook et al. (1987), with Qal4 being the oldest alluvial unit. Labeled 
faults include: San Fernando fault (SFF), Verdugo fault (VF), Raymond fault (RF), and the San Gabriel fault (SGF). Labeled boxes 
show our areas of focus: A, Dunsmore Canyon; B, Pickens Canyon; and C, Arroyo Seco (Fig. 2).  Shaded relief basemap derived 
from USGS 1/3 arc second digital elevation model. 
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respectively. To refine slip rate estimates for the CSMF, 
this project includes (1) detailed mapping of faulted 
terraces along the range front and (2) newly-obtained 
numeric ages for the terraces using cosmogenic and 
luminescence techniques.   
 
Surface correlation and offset estimation 
We focused our investigation on fans at the mouths of 
three catchments along the western portion of the CSMF 
(Fig. 1). We examined and refined interpretations of 
previous mapping with field observations aided by 3 to 
0.5 m resolution lidar-derived digital elevation models. 
Based on soil development and surface characteristics, 
as well as examination of terrace elevations, we 
subdivided the Qal3 terrace of Crook et al. (1987) to 
reflect the full range of distinct geomorphic surfaces 
present in these catchments.  The best area in terms of 
terrace preservation is in Arroyo Seco (Fig. 1), where we 
found up to four distinct terrace levels within the Qal3 

map unit in some catchments (Fig. 2). We are focusing 
our effort on estimating slip rates for fault strands that 
cut dateable surfaces that are preserved on both sides of 
the faults. To obtain the displacement, we have analyzed 
swath profiles extracted from lidar bare-earth DEMs in a 
series of 2 m-wide subswaths (Fig. 2). Dip-slip 
displacements are estimated from vertical separations of 
surfaces, fault dips, and surface slopes. 
 
Dating  
We collected profiles consisting of five to six samples 
each at five locations for 10Be terrestrial cosmogenic 
nuclide (TCN) dating.  We have received results from 
PRIME lab and are currently modeling surface ages 
based on the profile 10Be data using a previously 
published calculator (Hidy et al., 2010).  We collected a 
suite of nine samples for luminescence analysis. The IRSL 
samples are currently being analyzed and we expect 
final results later this spring.    

Fig. 2:  Geologic and geomorphic map of the Arroyo Seco area showing locations of samples collected for dating. Mapping is 
modified from Crook et al. (1987), and basemap is shaded relief derived from a USGS 0.5 m resolution lidar digital elevation 
model. Boxes B-B' and C-C' show locations where we have made preliminary swath profile estimates of vertical separations of 
terrace surfaces (Hanson et al., 2015). 
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DISCUSSION 
 
Our dating strategy is designed to establish numeric 
landform ages by using synergies provided by our two 
primary dating techniques, with ages validated by 
relative geomorphic relationships. We focused most of 
our resources in the Arroyo Seco area, where there are 
three distinct Qal3-age terrace surfaces on the hanging 
wall of the CSMF and a prominent footwall surface that 
may have a more complex history. The inset geomorphic 
relationships at Arroyo Seco will allow us to interpret our 
geochronologic results for consistency. Likewise, we 
have targeted inset pairs of surfaces at Dunsmore 
Canyon (IRSL dating), and Pickens Canyon (combination 
of TCN and IRSL dating) (Fig. 1).  Our sample sites for IRSL 
dating are complementary with our TCN sites: for 
example, two IRSL samples on the young Qal2 surface 
will give an age where we did not sample TCN surface 
exposure dating. Our other IRSL samples are co-located 
with the TCN sampling sites to obtain the best estimates 
of the ages of two important units: (1) terrace gravels, 
and (2) capping sediment above these terrace gravels. 
 
Sampling the same sediment for both TCN surface 
exposure dating and IRSL dating allows us to test for 
both systematic issues in dating techniques and the 
depositional and geomorphic histories of the fan 
terraces.  As the luminescence signal begins to grow at 
the time of burial, the true burial age of a terrace deposit 
dated by IRSL should be at least slightly older than the 
geomorphic surface which caps it. In the case of a 
surface cut across a much older fill, this deposit-surface 
age discrepancy could be significant. In the case where 
the surface was established soon after the upper ~2 m of 

gravel aggraded, the TCN and IRSL ages should be nearly 
equivalent. 
 
The sections we sampled for TCN dating generally 
include an upper layer of fine-grained cover sediment. 
This characteristic gives us greater confidence in the 
stability of the top surface of the gravel deposit, but the 
history of the cover sediment deposit impacts the age 
that we estimate from the 10Be concentrations. IRSL 
samples collected from fine-grained cover sediment 
provide a limiting minimum age for the upper, buried 
gravel surface. Two of our IRSL samples are from a 4.25-
m thick wedge of cover sediment that thins to ~10 cm at 
the TCN site (Fig. 3). The two IRSL samples are spaced 1.5 
m apart vertically, and will allow us to evaluate whether 
the wedge slowly grew to its present geometry, or was 
rapidly deposited following abandonment of this terrace 
level. 
 
Conclusion and future work 
Once the IRSL ages are complete, we will combine our 
data to obtain surface age estimates that are consistent 
with the numerical age data, relative geomorphic 
criteria, and previous age data where available (e.g., 
Rubin et al., 1998).  Ages of the surfaces capping Qal3 
and Qal2 deposits will permit estimation of slip rates at 
three locations along strike where these surfaces are 
offset and preserved across strands of the CSMF.  We will 
calculate slip rates with full uncertainties using the 
methodology of Thompson et al. (2002).  This work will 
result in the first numerically-constrained slip rate 
estimates for the western half of the CSMF.  
 
The existing paleoseismic records for the CSMF suggest 
infrequent and large earthquakes, with reverse 
displacements of 4 m or more (Rubin et al., 1998; Tucker 

Fig. 3:  Photo of sample locations on the Qal3.2f terrace surface. View is to west-northwest, across the eastern tributary of Arroyo 
Seco (Fig. 2). White arrows indicate the top of the terrace (geomorphic surface) and the top of fine-grained cover sediment 
deposited above the terrace gravel. Black arrows show the top of the cobble-boulder terrace gravel. The terrace gravel is exposed 
to the base of the image, with a total thickness > 25 m. We collected a 10Be depth profile from the terrace gravel near the edge of 
the cover sediment deposit. We collected two samples for IRSL dating from the cover sediment 95 m to the north, where the 
exposure of terrace sediment is closer to the local hillslopes, and the cover sediment is over 4 m thick. 
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& Dolan, 2001). Rubin et al. (1998) trenched the northern 
strand of the CSMF active in the late Quaternary in the 
Arroyo Seco area (Fig 2). They interpreted the most 
recent earthquake occurred in the last 10 ka, and at least 
two earthquakes with a cumulative 10.5 m of slip 
occurred in the past 18 ka. A paleoseismic study on the 
eastern end of the CSMF yielded an estimate of the last 
earthquake of > 8 ka, and estimated ≥ 14 m of 
cumulative reverse slip in the past 24 ka (Tucker & Dolan, 
2001).  
 
Taken together, the results of the paleoseismic studies, 
the latest Pleistocene-to-Holocene terrace ages from 
previous soil correlation work, and our preliminary TCN 
age estimates suggest that our in-progress slip rates 
based on Qal2 and Qal3 surfaces may capture only two 
or three earthquake cycles. If the events are clustered (as 
the combined paleoseismic data tentatively suggest), 
the resulting latest Pleistocene slip rate may not 
represent the long-term rate on the system. Although 
this represents a challenge for estimating an accurate 
time-averaged slip rate, our strategy to date and 
measure offsets on surfaces of at least two ages in three 
locations offers an opportunity to better understand 
earthquake-cycle related slip variation on the CSMF.  
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Abstract: We evaluated the age of the latest activity and the return period by adding age data of the stratigraphic layers at 
Dangu-ri along the northern part of the Yangsan fault, southeast Korea. The Quaternary sediments at the trench site are 
classified into eight layers from the bottom: 6, 1, 2, 3, 4, 4', 5 and 7 based on their texture and composition. The age of layers 1 - 4 
are assumed to be 25 - 35 ka B.P., the age of layer 4' is 4,809±30, 3,990±40 and 2,145 ± 40, and layer 7 is 1,132 ± 24, 1,000 ± 40 
and 247 ± 31 y B.P., all determined by  14C dating. We interpret three events at this site. The youngest event is at fault F1; this 
fault cuts layer 4' and has been buried by layer 7. This event is estimated to have occurred between the 15th century and 2,145 y 
B.P. The penultimate fault event on  fault F2, cut layers 1 - 4 and terminates in layer 4. The timing of this fault is estimated to be 
younger than 24,440 ± 110 y B.P. an older penultimate event interpreted by the deformation of layers 1 and 2. The timing of this 
faulting event is interpreted to be younger than 25,480 ± 110 y B.P. The return period of the active fault at Dangu-ri may be 10 - 
15 ka B.P. based on these three events. 
Key words: Quaternary fault, Return period, 14C dating, Lineament, Terrace.  
 
 
INTRODUCTION 
 
There are many locations that show evidence of young 
displacements on the Yangsan and Ulsan fault system in 
the southeastern part of the Korean Peninsula (Fig. 1). 
Rezaei, et al. (2015) and Lee, et al. (2015) reported 
evidence of the most recent and penult imate ruptures on 
the fault at Dangu-ri, along the northern part of the 
Yangsan fault, SE Korea. In this study, we re-evaluate the 
age of the latest act ivity, and the return period by 
report ing age data for strat igraphic layers at the same 
site. Rezaei, et al. (2015) and Lee et al. (2015) concluded 
the latest act ivity occurred between 300 and 7,000 y BP 
based on the dating results of both 14C and OSL 
(Optically St imulated Luminescence) methods. However, 
the OSL method yielded ages that were too older for a 
deposit that contained man-made objects. We use only 
14C dating results in this paper for the discussion of the 
events and the return period. The 14C results in this study 
are inconsistent in that the analyses yielded different 
values for samples that were taken from the same 
posit ion but were analyzed by different measuring 
organizations. 
We studied two parallel E-W trenches in the Dangu-ri 
area, which are the same trenches mentioned in the 
above papers (Fig 2). The Dangu-ri study site is located in 
the alluvial plain that is formed along the western side of 
the main river running from the east to the west. Alluvial 
deposits in the trench area are mainly controlled by the 
river’s flow direction. They mainly consist of fluvial 
sediments of silt, sand, and gravel. The gravels contain  
some large, angular cobbles and pebbles that were 
released during instantaneous floods. The trench 
exposed two faults and eight sedimentary layers. The 
main fault contact separates granitic basement rocks on 
the east from the Quaternary sediments on the west. The 
fault attitude is N10°E/80°SE; the direction of fault 

movement, which was recorded from slickensides in the 
fault gouge, is almost horizontal. This suggests that the 
recent movement is mainly strike slip. 
 

 
 
Fig.1: Geological map of the Korean Peninsula and the location of 

the study area (modified after KIGAM, 1995). 
 
LINEAMENT STUDY 
 
We analyzed the lineaments and terraces in the study 
area using aerial photographs to define the extent of fault. 
The characteristics of lineaments and terraces were 
classified on the basis of the classification criteria provided 



7th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 30 May to 3 June, 2016, Crestone, 
Colorado, USA 

 
 

INQUA Focus Group on Paleoseismology and Active Tectonics 
 

 
 

 
 
Fig.2: Overview of the trench site. (a) Old trench, (b) New trench. 
 
by Inoue and Choi (2006). Several lineaments around the 
trench of the Dangu-ri area are unclear, except for L1 and 
L4 (Fig. 3). Several short lineaments also run parallel to 
them with NNE-SSW orientation. These lineaments 
branch off to the south and southwest. One 
interpretation is that this area may be the southern 
termination of one segment of the Yangsan fault. 
 

1. Area south of the trench site 
There is a ridge that trends E-W about 100 meters 
south of the trench. It is very difficult to interpret 
dextral offsets in small ridges and streams due to the 
small scale of the photograph, however we identified, 
small breaks of slope in this ridge. A H3 terrace that 
may correspond to MIS 8 because similar terraces have 
been recognized to the south. A gentle flexure-like 
feature is interpreted on the H3 terrace surface 1.5 km 
south of the trench site. This lineament is tentatively 
named lineament L1 with a rank of LB. Those of LB 
rank have discontinuity in large topographic features 
between mountain and plain, and the altitudinal 
discontinuity in the mountain region. A flexure is 
present in the H3 terrace, but this flexure is not visible 
on the M terrace due to modifications of the ground 
surface in the rice fields. 

2.  Lineament L1 north of the trench site 
The M terrace is located 400m north of the trench site. 
Flexure scarps on the M terraces are interpreted (Fig. 3; 
A), and the lineament is located at the projection of the 
fault we identified in the trench. Across the lineament, 
the terrace elevation of the eastern side is five meters 

higher than on the western side. This lineament is 
given as LB rank. 

 

 
 
Fig.3: Lineament and terrace map by aerial photos interpretation. 
 
TRENCH STUDY 
 
Stratigraphy 
The Quaternary sediments exposed in the trench are 
divided into eight layers from the bottom: 6, 1, 2, 3, 4, 4´, 
5, and 7, from their sedimentary order based on texture 
and composition (Fig. 4 and Fig 5).  
Layer 1 is mainly composed of humus silt, sand and gravel. 
This layer is deformed and inclines 30 degrees to the east. 
The 14C dating samples from layer 1 were collected at the 
west wall of the trench from the humus sediment. The 
age was 25,480 ± 110 y B.P. and 39,045 ± 351 y B.P. 
Layer 2, which cuts layer 1, is composed of semi-angular 
pebbles and granules. The sorting in this layer is not 
homogeneous and no sedimentary structures were 
visible. There may be a minor disconformity between 
layers 1 and 2. These layers of 1 and 2 are the series of 
one sedimentary unit.  
The lower part of layer 3 is composed of horizontally 
bedded, matrix-supported granules, sand, and unsorted 
silt, and the thickness of its upper horizontal sand layer is 
20 cm. Layer 3 unconformably covers layers 1 and 2. The 
geological structure between layers 1, 2 and 3 is different, 
as layers 1 and 2 are inclined due to tectonic movement, 
while layer 3 is horizontal. The age of this layer is 32,932 ± 
227 y B.P. This age is older than layers 1 and 2, in spite of 
the fact that layer 3 was deposited on layers 1 and 2.  
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Fig.4: Field photo (a) and sketch (b) of the old trench. The fault contact is observed between the basement granitic rocks to the east and the 

Quaternary young sediments(Layer 1 ~ 7) to the west. 

 
 

Fig.5: Northern wall of the new trench. Field observations indicate that the fault F1 affected young sediments (Layer 4´).  
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 Layers 3´ and 3" are composed of sub rounded pebbles, 
granules and sands. Both these layers are composed of 
various rock types. Layer 3´ was deposited on eroded layer 
3 while layer 3" was deposited on eroded layer 3´. The time 
gaps among the ages of layers 3, 3´ and 3" are not long. 
These layers are mainly fluvial sediments. 
Layer 4 is present only in the north wall of the old trench. 
It is almost horizontally bedded and is composed of 
matrix-supported silt with angular pebbles. It is obvious 
that this layer unconformably overlies layers 1, 2 and 3. Its 
age is 24,440 ± 110 y B.P. and 35,632 ± 279 y B.P. Layer 4’  
uncomformably lies over layer 4, and is mainly composed of 
pebble and gravel with sand as matrix. Layer 4´ is thick in 
the new trench and thinner in the old trench. The age of 
layer 4´ is 4,809 ± 30, 3,990 ± 40 and 2,145 ± 40 y B.P. The 
sample in this layer is charcoal, which may or may not be 
reworked from the older deposits, and thus its age may be 
in-situ sediment. It is very difficult to determine whether 
this is accurate. The age of layer 4´ may be 2,000 - 4,000 y 
B.P., therefore, the time gap between 4 and 4´ is a long 
time. The differences of oxidation and weathering condition 
between them support above large time gap. 
Layer 5 is present in the south and west walls of the old 
trench and was eroded into layers 1 and 3 (3, 3´, 3"). There 
is no direct exposure where we could observe the relat ion 
between layer 5 and layers 4 - 4´. 
Layer 5 is a clast-supported gravel composed of angular 
cobbles and pebbles. This may be a flood deposit from an 
instantaneous tributary flood. Pottery fragments and 
roof-tile fragments were found in layer 5. This pottery 
was made during the years 1550 ~ 1700 AD (Lee, 2015).  
Layer 6 is composed of sand and rounded granules, 
pebbles, and cobbles. It is approximately 10 cm thick. Layer 
6 is present only at the eastern side of the fault. This layer 
lies unconformably over the basement rock. Thus, the age 
of layer 6 is unknown - it may be the oldest in this 
succession. However, it is very difficult to estimate the 
horizon of layer 6 in this investigation, because layer 6 
appeared only at the east side of the fault. Layer 6 may 
be the weathered colluvium on the top of granitic 
bedrock.  
Layer 7 is composed of coarse sand deposited as a flood 
loam. At the bottom of this layer, there is thin black silt 
with manganese-t inted, small, angular pebbles. Layer 7 is 
the youngest of all the sediments, and horizontally 
covers layer 4´ at the west of the fault and layer 6 at the 
east of the fault. The thickness of layer 7 is different in the 
new and old trench. The thickness in the new trench is 10 

- 20 cm and that of the old trench is ± 1 m. The 
14

C dating 
samples show the age to be 1,132 ± 24, 1,000 ± 40 and 247 
± 31 y B.P. This age is younger than that of layer 5, which 
was formed in the 15th century. The samples of 1,132 ± 24 
and 1,000 ± 40 y B.P. might be reworked sediments. We 
also found apparently manmade charcoal and roof-t ile 
fragments at layer 7 in the north wall of the old trench.  
 
Fault activity 
We recognize three possible fault events from the two 
trenches (Fig. 4 and Fig. 5). The most recent movement 
occurred along the F1 fault. The fault contact is the 

boundary between the sheared granitic basement that is 
covered by layer 6 on the east side of the fault, and layers 
1 and 4 on the west side of the fault in the northern wall 
of the old trench. This boundary fault is marked by a thin 
fault gouge. The fault contact in the northern wall of the 
new trench separates granitic rock and layers 6, 4´ at the 
east side of the fault from layers 2, 4, 4´ at the west side 
of the fault. Layer 7 covers the F1 fault in both the old and 
the new trench.  
The fault structure is sprayed in layer 4´, a flower-like 
structure at the upper part of the layer 4´ in the new trench. 
The latest event at fault F1 may have occurred between the 
15th century and 2,145 y B.P. The 14C values in layer 7 are 
ignored because the samples are probably from charcoal 
fragments. 
We estimate another fault event by using the fault F2. 
Fault F2 is separated by several centimeters to the west 
from fault F1. Fault F2 is a branch fault at the upper part of 
the fault. Black manganese deposits have penetrated and 
tinted the fault plane. Fault F2 cuts layers 1 and 4 at the 
south wall (Fig. 4). Fault F2 may be the same position of 

fault F1 at the north wall, and Fault F2' moved concurrently 
as cracks (Fig. 5). The timing of the event is estimated to be 
younger than 24,440 ± 110 y B.P., during or after 
deposition of layer 4. There is a small fault that is 2 m apart 
from the main fault. This branch fault has cut layers 2 and 
4. The minor fault is regarded as the branch of fault F2. In 
order to limit the time of a penultimate event, the 14C age 
of the layer 4 is a key issue, but this sample is derived from 
charcoal, and thus it is very difficult to estimate real age of 
the deposit. 
Another event is inferred based on the deformation of 
layers 1 and 2. Layer 1 dips to about 30 degrees near the 
fault. This deformation could be caused by tectonic fault 
movements. This deformation could be the result of 
three or more events after deposition of layer 1. Layers 1 - 
4 are distributed at the lower elevation than the 
interpreted lower terrace. Furthermore, layers 1 - 4 are 
located beneath the alluvial deposits. The sediments of 
layers 1-4 suggest that they were laid during the period of 
lowest sea level at the latest glacier. Therefore, we 
adopted the age of about 25,000 y B.P. that is the period 
of the lowest sea level. However the large deformation of 
layer 1 suggests that there may be more than two events. 
Therefore, the second penultimate event is estimated by 
the deformation of layers 1 and 2. The timing of this fault 
event may be later than 25,480 ± 110 y B.P. The 14C 
samples from layer 1 are humus silt that is in-situ. This 
age determination may be reliable but there is another 
value of 39,045 ± 351 y B.P. from the same sample that 
was carried out by the other organization. This silt may 
have been deposited during the last glacial period in a 
stable environment.  
The return period of the active fault at Dangu-ri is 
estimated to be 10 - 15 ka B.P., considering these three 
different events during the 25 - 40 ky, and the latest 
event is between 15th century and 2,145 y B.P.  
There is an exposure of the fault in the left bank of a small 
valley, which is 100 m south of the trench (Ryoo et al., 
1999). Here, the fault separates granite on the east side 
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from a consolidated, round cobble gravel on the west 
side. The colors of the cobble formation range from 
brown to red. The fault gouge is several centimeters wide, 
and its character is the same as that of the trench site. 
The trend of this fault is N10°W/85°NE. This is the 
extension of fault F1. The fault is also presumed at the 
adjacent small valley as boundary between the basement 
rock and the cobble layer. We were unable to identify the 
fault boundary itself geologically due to the cover of the 
overburden. The small tributary seems to have a dextral 
offset of about 1.5 - 2.0 meters. This offset is regarded to 
be single-event displacement. This area is a suitable 
trenche sites to evaluate a slingle-event dislocation. 
 
DISCUSSION 
 
We conclude the investigation by proposing difficulties 
that may be addressed in the future. The structural model 
of geological evolution at the Dangu-ri area is shown in 
Fig. 6. 
 
1. It is very difficult to reconcile the differences between 

the stratigraphy and the age-dating results. For 
example, the dating samples from layers 4 and 7 are 
from charcoal, which is easily reworked by erosion and 
deposition. We need more studies determine how to 
interpret the age results. The age view from 
stratigraphy, and some 14C ages from layers 4 and 7 are 
excluded in this study. 

2. It was difficult to correlate the fluvial sediments 
because of repeated episodes of erosion and 
deposition. Even if the faces are similar, there can be 
large time differences. 

3. The most recent event occurred between the 15th 
century and 2,145 y B.P., as fault F1 deformed layer 4´ 
and has been covered by layers 5 and 7. Lee (2015) 
estimated that the latest movement of this fault was 
between 300 y B.P. and 7,000 y B.P. Also, Kyung (2003) 
reported that the faults were activated after 1,345 y 
B.P. from a study at Yuge-ri on the northern part of the 
Dangu-ri fault. We suspect that these differences in age 
results are due to differences in analysis methods and in 
the age dating. We plan to undertake another trench survey 
between the Dangu-ri and Yuge-ri area in the future.  

4. The penultimate event occurred during or after 
deposition of layer 4. The 14C age of layer 4 is 24,440 y 
BP. As mentioned above, the age is too old based on 
stratigraphic interpretation, so we estimate that the 
age of layer 4 may be 10,000 - 15,000 y B.P.  

5. A second penultimate event is interpreted based on 
the steep dip of layer 1 near fault F1. Such deformation 
is not generally formed by only one or two events. It is 
better to consider other events, therefore, the timing 
of the second penultimate event is regarded as being 
after deposition of layer 1 after 25,000 y BP.  

 

 
 
Fig.6: Structural model for the evolution of the Dangu-ri fault. 
 
CONCLUSION 
 
We identify eight Quaternary deposits and three faulting 
events at this trench site. We limit the age of the latest 
fault event to be between the 15th century and 2,145 y 
B.P., but prefer a better estimate to be close to the 15th 
century by combining the Yuge-ri results. An older 
penultimate event is estimated to have occurred later 
than 25,480 ± 110 y B.P. Therefore, the return period of 
the fault at Dangu-ri may be 10 - 15 ka. We plan to 
continue future investigations to verify the ages of faulting 
events along the northern part of the Yangsan fault.  
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Abstract:The Jaramijò sea-cliff and the surrounding deposits recorded a series of natural disaster that affected 
Ecuador’s central coast during Upper Pleistocene to Holocene. Stratigraphic and geomorphologic studies between 
Manta and Jaramijò recognized volcanic fine ash layers (related to secondary rain-triggered lahars) interbedded 
with fine sand to silt layers related to tsunami events. These alternationswere discovered on different terrace levels 
T1 to T4. This work recognized two new terraces (T1 and T2) related tothe T3 and T4 terraces previously described. 
These new terraces were dated to1ky and 43ky, respectively. The stratigraphic, geomorphologic and 
palaeoseismologic features allow us to understand the sequence of catastrophic geological events that affected the 
landscape and the coastal changes at the Jaramijó site.       
 
Key words: Coastal uplift, Geologic Hazard, Tsunami deposit, paleogeographic reconstruction, Central Ecuador. 
 
 
Introduction 
 
The coast of Ecuador (South America) is highly 
prone to natural disasters, especially those caused 
by active tectonics. Its short historical seismicity 
record (1787 – 2015) includesa series of catastrophic 
earthquakes.The main seismogenic structure 
capable togenerate strong earthquakes (Mw≥8) is 
the subduction zone where the Nazca plate 
underthrusts the adjacent Southamerican platein the 
eastern Pacific Ocean, 60 to 150 km from the coast 
(Kelleher, 1972; Carena, 2011).  
 
Several secondary coseismic geological 
phenomena(ie., Michetti et al, 2007)can generate 
other earthquake related hazardssuch as tsunami 
inundation in littoral plains, (b) landslides and 
rockfalls on unstable slopes and coastal cliffs, (c) an 
increasing rate of natural or anthropogenic 
subsidence, (d) soil liquefaction focusing in water 
saturated sand sediments confined by semi-
permeable layers of silt and clay materials, and (e) 
tectonic uplift of subtidal platforms forming marine 
terraces. The last processallows the formation ofwell 
preserved Quaternary sedimentary sequences. 
Furthermore, the most distal occurrences of ash 
fallouts and lahar flow deposits also modelled the 
landscapeofEcuador’s central coast. These deposits 
are related withvolcanic ventssituated at a distance 
between of 150 - 190 km in the northern Andes(ie., 
Mothes & Hall, 2008; Usselman, 2006). Only few 
studies concerned with volcanic hazard and the 
modelling of volcanic risk exist for the Ecuadorian 
littoralsectors (Mulas et al., 2015). 
 
The site selected to study the paleoseismic and 
paleogeographic reconstruction of the central coast 
of Ecuador is the Jaramijó canton (total area 96 km2), 
(Figure 1). The Upper Pleistocene to Holocene 
sedimentary and volcanic sequences crop out on sea 
cliffs and in quarries in the inner Jaramijo Canton. 

Theirdepositions occurred betweenMIS 3 (59 - 24 ka 
BP) andMIS 1 (18 ka to present). 
 

 
Fig 1:Location of Upper Pleistocene - Holocene 
stratigraphic sequences on the Jaramijó bay sea cliff in the 
central area of Ecuador´s Pacific coast. 
 
Geomorphological setting and natural hazard 
 
The Jaramijò site is characterized by different types 
of hilly relief contrasting with the coastal and alluvial 
plains.The cliffs is mostly madeof sandstones, 
siltstones, and claystone layersof Tertiary age 
(Baldock, 1982). The rock mass are fractured by the 
regional active tectonics and easily erodible by ocean 
waves. These processesformedgeomorphologic 
structuressuch as wave-cut notches and cracks at 
the base of the sea-cliffs. Upper Pleistocene to 
Holocene sediments lie on the basementrocks and 
arewell-preserved. Thus, they provide information to 
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understand the paleogeographyand paleoseismicity 
of the region. 
 

 
 
Fig 2. Stratigraphic column of EJ-01 geological sampling 
site on the Jaramijó sea-cliff.  
 
The geologicallong-term and hydro-meteorological 
hazards associated withclimatic changes cancause 
major landscape changes on the coast, ie. marine 
erosion and coastal cliff retreat (Bloom & Yonekura, 
1985). The main geomorphological features on the 
Jaramijò site are a wave-cut beach platforms, 
permanently exposed onthe lowest tides and an 18 
m-high coastal cliff retreating with an estimated rate 
of ca. 2.5 m/a (Chunga et al., 2015).  
 
Moreover, volcanic fine ash andlahar layers are well 
distinguished on the sea-cliffs and are relatedwith 
volcanic activities ofnorthern Andes of Ecuador 
volcanoessuch asQuilotoa, Cotopaxi, Guagua 
Pichincha, and Pululahua (Mothes and Hall, 2008; 
Usselman, 2006). It cannot be ruled out that pre-
Columbian cultures may have been displaced in the 
last 2,000 years by disastrous geological events such 
as subduction earthquakes, local tsunamis, and 
volcanic lahar-ash deposits (Lim et al., 2013; Zeidler, 
2015). 
 
Paleoseismicity and coastal uplift  
 
The tectonic uplift of the Ecuadorian central coast is 
associated with tectonic transport of the high 
bathymetric relief of the Carnegie ridge,which is 
subducting below the Southamerican continental 
plate (Cantalamessa & Di Celma, 2004). 

 
This regional geodynamic process uplifted sublittoral 
platforms and the beach-shore, now visible as 
uplifted marine terraces. It preserved volcanic and 
sedimentary sequences dating from Upper 
Pleistocene to Holocene (Cantalamessa & Di Celma, 
2004; Pedoja et al., 2006; Chunga et al., 2015). 
Geological records of coseismic uplift can be 
identifiedin Quaternary sedimentary sequences at the 
Jaramijó site.  
 

 
 
Fig 3. Sea-cliff at Jaramijó site EJ-01 sampling station. 
 
In this study we selected five geological sampling 
stations, namedEJ-01 to EJ-05, located on the sea-
cliff and abandonedquarries on the inner coastal 
margin (ca. 4 km away from coastline). Geomorphic 
and stratigraphic studies as well asradiometric dating 
techniques applied to Quaternary sedimentary 
sequences allowrecognizingupper Pleistocene to 
Holocene uplifted terraces. The marine terraces, from 
bottom to the top, are: T1 at an altitude of 20 meters 
a.s.l. (above sea level) (dated 1.190 ± 30 BP to 1.030 
± 30 years BP), T2 terrace at 30 meters a.s.l (43.245 
± 460 years B.P.) and T3 at an altitude between 43 to 
57 meters a.s.l. (ca. 120.000 years). The T3 terrace 
was previously recognized by Pedoja et al. (2006), 
but our research outlined two new terraces (here 
named T1 and T2) mostly covered by volcanic-ash 
deposits. Our first results for estimating a tectonic 
uplift rate are ca. 0.5 mm/yr to 0.98 mm/yr, 
obtainedfrom altimetry data and the ages of the 
terraces and coastal paleocliffs. On the contrary, 
Pedoja et al. (2006) estimated a rate of 0.31mm/yr to 
0.39 mm/yr, considering marine terraces ages 
120,000 years (MIS 5e), 220,000 years (MIS 7) and 
330,000 years (MIS 9). 
 
Here, thepaleoseismologicreconstruction of coastal 
uplift is linked withthe continental margin active 
tectonics and also to the MIS1 to MIS 3 glacial and 
interglacial stages. EJ-02 sample is fromto theT2 
terrace and lithological unit EJ-02E is composed by a 
medium sand layer with bivalve molluscs (ie., 
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Trachycardium –Mexicardia- procerum, and 
Divalinga perparvula, both species of neritic marine 
environment)indicating a sublittoral environment. 
Radiocarbon dating and oxygen isotope analysis (18O 
ratio), were carried out at the Beta Analytic 
Laboratory. Our research results show that 
thesesediments probably were deposited in a water 
column -10 to -30 m below the present sea level. The 

radiocarbon age of this unit is 41.295 to 40.140 years 
BC (cal. 43.245 to 42.090 years BP). The δ 18O and -
1 to -1.5 o/oo values can be associated with a short 
interstadial stage within the MIS 3glacial stage, 
associated witha rapid sea level rise that reached -10 
to -20 m below respect to thecurrent sea level. 
 

 

 
Fig. 4: Uplift model using marine terrace ages corresponding to Marine Isotope Stages (MIS) from 1 to 5e. Left: sea-level history 
since 200 ka (Chappel & Shackleton, 1986). Right: Topographic profile and Marine terrace inner edge elevations and geological 
sampling stations at the Jaramijo site. 
 
Tsunami deposit and potential seismic source 
 
Sites EJ-01 and EJ-03 are situated on the T1 terrace. 
This terrace is composed oflate Holocene sequences 
of sand and clay interbeddedwith loose to weakly 
consolidated fine volcanic-ash layers. One of the 
most remarkable geoarchaeological findings in this 
outcrop (sample EJ-01E) were human bones related 
to theManteña culture integration period, within a 8 to 
25 cm-thick volcanic ash layer (radiocarbon dating of  
1.190 ± 30 B.P. - Mulas et al., 2015). Stratigraphically 
above lies an erosive contact with a well-sorted 
medium to fine-grained sandlayer (unit EJ-01D), 
characterized in the lower part by rip-up clasts. 
Biostratigraphical analysis ofthe matrix 
revealedMelonis sphaerodis foraminifera, typical of 
bathyal environments.These data indicatea tsunami 
event characterized by 6.3 meters a.s.l. run-up height 
(estimated age of ca. 1.170 ± 30 B.P.).Unit EJ-01D is 
one of the most important sedimentary levels that 
provide evidence for tsunamis (Fig. 3). 
 
The seismic source linked with this event is 
uncertain. Contreras-López (2014) suggests the 
following classification of tsunami in Ecuador: (a) 
near-fieldtsunami, when the seismic source is 
adjacent to the continental platform of Ecuadoror 
near the borders of Colombia and Peru. (b) 
intermediate-field tsunami if the earthquakeepicentre 
is sited at distance less than 1,000 km from 
Ecuadorian coastline. (C) far-field tsunami if the 
epicentres havetrans-oceanic distances (i.e Japan or 
Russian megathrust seismic sources). 
 
We searchedthe NOAA global historical tsunami 
database (http://www.ngdc.noaa.gov) for great 
tsunamigenic earthquake events that would fit our 

datesThe following tsunamigenic earthquakes in 
Japan are possible candidates: AD 745 Osaka Bay 
earthquake (Mk 7.9), AD 818 Tokaido earthquake 
(Mk 7.9), and AD 869 Jogan Sanriku earthquake (Mk 
8.9).  
 
Sedimentological analysis and hydrodynamic 
simulationsshowedthat on July 13, 869 the Jogan 
tsunami was triggered by a Mk 8.3 (other measures 
indicate M 8.9) earthquake. The tsunamiinundated 
more than 4 km inland into the Sendai plain (Minoura 
et al., 2001). There is no evidence that this trans-
oceanic tsunami reached the coast of Ecuador.We 
then analysed the recent seismic event ofMarch 11, 
2011 (Mw 9). Both earthquakes were compared by 
Suguwara et al., (2013), who studied the inundated 
area in the Sendai plain. This strong 2011 Japan 
tsunamigenic event, if it had reached the southern 
Ecuadorian coast, would have caused run-up heights 
of ca. 1.61 m onlyon the Libertad site. These 
historical and contemporaneous events indicate that 
our 1.210 ± 30 B.P tsunami event at the Jaramijó site 
was not a far-field event, but a near-field tsunami. If 
this is true, it means that large local tsunami of ca. 5 
to 8 meters run-up heightcan strike the central coast 
of Ecuador. 
 
Conclusion  
 
Stratigraphic, geomorphologic and paleoseismologic 
studiesperformedon the central coastal area of 
Ecuador from Manta to Jaramijó allowed us to 
recognize different volcanic and coseismic events 
that affected this area. The stratigraphic and 
biostratigraphic studies allowed to recognized fall-out 
and lahar events alternated with tsunamis events. 
The volcanic events are related with the volcanic 



7th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 30 May to 3 June, 2016, 
Crestone, Colorado, USA 

 
 

INQUA Focus Group on Paleoseismology and Active Tectonics 
 

 
 
activity of the North Andes (Quilotoa, Guagua 
Pichincha, Cotopaxi, and Pululahua). These 
volcanoes  primarily generated distal fine ash fall-out 
depositsin the last 5 ky. Lately the same deposits 
were remobilized by weakly to strong meteorological 
events that triggered secondary rain-triggered flow.  
 
Tsunamis events were recognized with 
biostratigraphic and stratigraphic studies that 
revealed foraminifera typical of bathyal environments. 
Detailed geomorphological studies, and14C and 18O 
analysis permitted to recognize and date two new 
terraces (T1 and T2) previously not described in this 
sector.   
Our data indicate that a local tsunami hit Ecuador’s 
coast ~1000 years BP. 
In this multidisciplinary study we recognized a new 
geological hazardthat affected the Ecuadorian 
coastal areain the past. This is an important 
contribution to understanding the geological risk of 
this area.    
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Krško Basin in southeastern Slovenia is being investigated as a potential site for a new nuclear power plant. The 
basin is in a region of low to moderate tectonic activity. The post-Miocene Krško Syncline defines the basin’s axis, 
which has been driven by generally N-S convergence of the Adriatic Microplate and the European Plate. Three 
major obstacles have precluded accurate assessments of fault deformation rates in the region: 1) the sparse 
chronometric data; 2) The geochronology that exists is biased toward the latest Pleistocene and Holocene due to 
the inherent limitations of methods applied in the past; and 3) the lack of outcrop or near-surface evidence of 
deformed Quaternary sediments due to relatively low strain rates. To overcome these impediments we are utilizing 
methods in tectonic geomorphic analysis of LIDAR data and multiple age dating methods to develop a robust 
geochronology that targets the Neogene-Quaternary.  

 
 
Key words: geochronology, paleoseismology, tectonic geomorphology, PSHA. 

 
 
Introduction 
Field investigations supporting a probabilistic seismic 
hazard analysis (PSHA) are being performed for a 
new nuclear power plant (NPP) in the Krško Basin, 
Slovenia. Tectonic geomorphic analysis and field 
geological mapping have demonstrated that larger 
faults in the local area are highly segmented and 
have relatively low deformation rates, thus making 
fault recognition challenging. As a result, fault 
constraints (e.g. slip rates) remain elusive in the 
region. There are several major impediments to 
developing faulting constraints: (1) a regional 
unconformity that accounts for ~1.5 Ma of missing 
sediment from the Quaternary record, (2) relatively 
low strain rates along faults, (3) a sparse 
geochronology, and (4) difficult subsurface conditions 
for very shallow geophysical surveys. Coupling these 
factors presents hurdles for paleoseismic data 
acquisition. To address these challenges we are 
applying a suite of methods that include multiple 
geochronology methods that target a wide range of 
ages from the Holocene to the Pliocene, tectonic 
geomorphic analysis, geological mapping, multiple 
geophysical methods, paleoseismic trenching, and 
sediment and rock coring. These investigations are 
part of an ongoing, multi-year effort to evaluate 
potential fault capability and to develop a seismic 
source model that will be used to provide inputs to 
the PSHA. The work reported herein focusses on the 
tectonic geomorphology and geochronology to 
assess the potential presence of faulting and 
associated strain rates, and also to identify 
uncertainties associated with previous work in the 
region. An accompanying document (Jamšek Rupnik 
et al., 2016) presents results from the field mapping, 
mountain front sinuosity measurements, and the high 
resolution geophysical survey campaign.     

Paleoseismology and tectonic geomorphology exploit 
earth’s topographic expression of neotectonic activity 
to constrain the seismic history, spatial patterns of 
faulting, and fault behaviour. In some cases, 
however, strain markers are masked, particularly in 
areas where geomorphic processes outpace tectonic 
processes. There are also areas where faults don’t 
break to the surface (e.g. blind faults), which often 
impedes their detection. These sorts of issues are 
ever-present in the Krško region. While seismicity is 
moderate, surface expressions of faulting are difficult 
to discern and only clearly seen in Miocene and older 
bedrock. An additional complication is that relief 
controlled by transpression or transtension typically 
produce a great deal of spatial variability in uplift or 
subsidence related to complex strain partitioning (e.g. 
Delong et al., 2010). It is therefore necessary to 
utilize high quality data and detailed analyses to 
detect expressions of tectonic deformation.  

 

 
Fig 1: Inset map in lower right shows the geographic 
location of Krško relative to the the regional tectonic 
model (modified from Placer, 2008).  
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The proposed NPP, whose location is roughly shown 
in Figure 1, lies within a transition zone between the 
northern Dinarides and the Alps and has experienced 
multiple phases of deformation from the Mesozoic 
through most of the Cenozoic (e.g. Van Gelder et al., 
2015). As a result, the present topography expresses 
Dinaric and Alpine structural styles, as well as 
Balaton structures associated with the Mid Hungarian 
Shear Zone (MHZ) (Brückl et al., 2010; Hetényi et al., 
2015). Related to these three structural domains is 
the Sava Compressive Wedge (SCW) (Placer, 1999), 
which is a zone of east-west trending, high-frequency 
folds and associated thrust faults. Each deformation 
phase has unique structural orientations, leaving the 
Krško region with four dominant deformation styles. 
The broader tectonic setting is shown in Figure 1 
(Modified from Placer, 2008), which shows the four 
major structural zones. The SCW is roughly delimited 
by the Žužemberk Fault, Sava Fault and the MHZ, 
whose locations are shown on Figure 1.   
 
Within a 25 km radius from site, the largest faults are 
Balaton structures, which are left-lateral strike slip 
faults with a significant reverse component. These 
faults are associated with the northern side of the 
southwestern extent of the ENE-striking MHZ. Also 
present is the Krško Syncline, a large fold associated 
with the SCW.  
  
Geomorphic Analysis 
We have applied numerous quantitative and 
qualitative methods including stream profiling (Kirby 
and Whipple, 2001) and morphometric analysis (e.g. 
topographic ruggedness, hypsometric curves) to 
extract information from the topography, including the 
areas defined by the Orlica Fault and the Artiče 
Structure (AS) shown in Figure 2. The morphometric 
and stream profile analyses have identified important 

aspects of the landscape that are not entirely 
identifiable through interpretation of the hillshade or 
slopeshade (shown in Figure 2). The most striking 
feature in Figure 2 is the ENE-trending lineament that 
divides the Orlica Hills from the Bizeljsko Hills. 
Geologic mapping has demonstrated, repeatedly, 
that the abrupt lineament is related to differential rock 
strength as opposed to a fault. The Orlica Hills 
comprise Mesozoic carbonate rocks, juxtaposed 
against weaker Neogene marls and sandstones that 
comprise the Bizeljsko Hills. Another evident feature 
is the swath of steeper slopes within the Bizeljsko 
Hills that extends from Libna Hill in the west, to the 
eastern edge of the Bizeljsko Hills. The area is 
roughly coincident with the mapped position of 
Pontian (Late Miocene) sands and gravels.  
 
Longitudinal stream profiles reflect base level 
changes (via uplift or climate change), and can 
therefore show critical information about relative uplift 
(Hack, 1957; Kirby and Whipple, 2012; Kirby and 
Whipple, 2001). Previous stream profiling efforts in 
the Krško region utilized the Hack’s (1973) stream 
gradient index for channels that cross the AS (Baize, 
2008). Small knickpoints were recognized and 
attributed to tectonic deformation along the AS; 
however, the topographic data was coarse (12.5 m 
pixel spacing), and had numerous artefacts. To 
evaluate those results we extracted longitudinal 
stream profiles from channels that cross the Orlica 
and Bizeljsko hills based on a high quality DEM 
produced by reprocessing a LiDAR point cloud 
(sampling rate >16 laser returns/m

2
) with 1 m pixel 

spacing. The profiles were extracted and analyzed in 
Matlab and ArcGIS using the Stream Profiler Tools 
(http://geomorphtools.org/), following theory 
presented in Wobus et al., (2006; Kirby and Whipple 
(2012, and references therein).  

 
Fig. 2: Elevation-enhanced slopeshade digital elevation model of study region. Locations of the 

Orlica and Artiče faults are shown from the existing 1:100,000 geological maps.  
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Our analysis demonstrates a lack of knickpoints near 
the projection of the AS, suggesting there is either 
lack of persistent base level change along the AS, or 
that the AS’s deformation rate is very slow relative to 
surface process rates. Upstream, however, within the 
Orlica Fault Zone (OFZ), there are several slope-
break knickpoints, i.e. those defined by a break in 
slope-area scaling. Above the slope-break 
knickpoints are relict channel profiles that have not 
adjusted to the modern base level (Kirby and 
Whipple, 2012). The geographic positions of the 
slope-break knickpoints are shown in Figure 3 and 
one of the accompanying river profiles shown in 
Figure 4. Slope-break knickpoints are often indicative 
of persistent uplift; moreover, the spatial distributions 
of the slope-break knickpoints align well with the 
position of the OFZ. Combined, these factors suggest 
the fluvial system in the northeastern Orlica Hills is 
being affected by the OFZ.  

 
Geochronology 
A possible fault was trenched to investigate its 
paleoseismicity on Libna Hill (location shown in 
Figure 2). The trench revealed displaced bedrock 
and Plioquaternary (>1.8 Ma) sediment; however, the 

sediment had not been dated reliably and regional 
age correlations did not exist. Optically stimulated 
luminescence (OSL) dating was used and resulted in 
a <200 Ka age, a full order of magnitude younger 
than the long-held regional understanding of the 
sediment’s age. The surprisingly young age caused 
GeoZS to question its validity (Bavec, 2010). To 
further evaluate the previous OSL ages, we used 
26

Al/
10

Be cosmogenic radionuclide (CRN) burial 
dating and also dated Quaternary sediments using 
OSL and infrared stimulated luminescence (IRSL). 
The CRN burial ages returned ages consistent with 
the regional knowledge of Plioquaternary sediments, 
and illuminated the possibility that the OSL and IRSL 
ages were reaching their saturation limits, i.e. not 
recording the full burial history due to the ‘filling’ of 
the crystal lattice with free electrons. Complicating 
the interpretation, the OSL dose response curve was 
not clearly indicating that the samples had reached 
saturation, although IRSL measurements of the same 
samples’ feldspar fraction suggested the Quartz OSL 
signals were underestimating the ages. 
 
The age extent of OSL dating is limited by the 
environmental dose rate and the internal properties 
of the quartz lattice. This upper (old) age limit 
typically occurs in the Upper, and occasionally Middle 
Quaternary. We plotted ages against elevation of all 
of the absolute ages from the Krško Basin (Figure 5). 
At the ~0.2 Ma position, there is a significant stack of 
similarly aged samples with a significant elevation 
range from the same unit, suggesting that >120 m of 
sediment were deposited in an extremely short 
period of time. In effect, OSL dating caps the sample 
ages in Krško Basin at ~200 ka, whereas CRN has a 
much broader age range that can span the Holocene 
to most of the Pliocene. 

 
There are several envisaged scenarios that can 
explain the indistinguishable ages of the same 
depositional unit but from very different elevations. 
The first three options assume the >1.8 Ma CRN 
ages are not representative of the depositional age. 
Scenario 1 requires that the entire Krško Basin would 
have deposited >120 m of fluvial sediment at an 
extreme rate. Scenario 2 requires a modest rate of 
alluviation followed by a >120 m net incision 

 
Fig 3: Stream steepness index on major drainages 
crossing the Orlica and Bizeljsko hills 

 
Fig 4: Result from one of the stream profiles exhibiting 
a slope-break knickpoint within the Orlica Fault Zone  

 
Fig. 5: Age-elevation plot of all ages from the Krško 
Basin 
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occurring at an unreasonably high rate, while also 
leaving fill terraces at various elevations. Scenario 3 
requires unreasonably high localized uplift of Libna 
Hill, on the order of 140 m, over a very short period of 
time. A fourth, more plausible, scenario assumes the 
<200 Ka age of the OSL sample from the Libna 
trench represents an age minima of the unit’s 
deposition, and accepts the 

26
Al/

10
Be CRN ages as 

the true age of deposition. This is consistent, too, 
with the regional understanding of the depositional 
age for the Plioquaternary sediment. This 4

th
 

scenario requires modest, long-term net incision with 
rates averaging ~0.1 mm yr

-1
, which is consistent 

with global rates of incision in places with similar 
relief from around the world (Montgomery and 
Brandon, 2002).  

 
When the trench was excavated on Libna Hill (Bavec, 
2010), GeoZS did not have high quality LiDAR data, 
but recently acquired LiDAR revealed that the trench 
location (shown by red rectangle in Figure 6), and 
likely its interpretation, may have been complicated 
by surface processes that are known to produce 
fault-like appearances in paleoseismic trenches (e.g. 
Hart et al., 2012). Specifically, the trench was 
excavated on the edge of a breached karstic 
depression associated with a landslide (Figure 6).  

 
Conclusions 
Using the best analytical tools and data available 
helps to reduce uncertainty, and in some cases, 
helps to recognize important uncertainties that were 
not previously identified. This work, albeit in a 
preliminary state, provides several examples that 
demonstrate the importance of acknowledging the 
limitations of data and methods, and the value of 
utilizing the most suitable methods to investigate the 
best possible topographic data, especially in regions 
that experience low to moderate tectonic deformation 
rates. The geochronology that is currently being 
developed for the Krško Basin is demonstrating that 
multiple geochronology methods should be used, 
whenever possible, to detect erroneous ages that 
may result from inherent, physical limitations of 
dating methods. Within the Krško Basin and the 
surrounding area we are starting to develop more 
robust constraints on deformation rates that we are 

using to assess fault capability, and to revise and 
enhance the seismic source model for the PSHA.  
Acknowledgements: This work is being performed for a 
PSHA that is being performed for JEK 2, Krško, Slovenia. 
The work is being funded by GEN energija, d.o.o.  
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Fig. 6: Karstic and hillslope features on Libna Hill. Inset 
box in upper right provides an oblique view (3X vertically 
exaggerated).   
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Abstract: The Cephalonia Island (Greece) area is located at the north-western end of the Aegean subduction 
frontal thrust linked to the dextral Cephalonia Transform Fault (CTF west of Cephalonia). Since the mean slip rate 
and the CTF length are large, seismic hazard is high in terms of earthquake frequency and magnitude. The 
Koutavos-Argostoli site was selected within the French Research Agency (ANR) PIA SINAPS@ project 
(www.institut-seism.fr/projets/sinaps/) to host a vertical accelerometric array. The long term goal aims at validating 
3D nonlinear numerical simulation codes in order to assess site specific amplifications and non-linearities in the 
framework of seismic hazard assessment for nuclear installation. Herein are presented the first results of the post-
seismic campaign organized following the seismic sequence of January-February 2014 including two M6 + shocks 
and numerous aftershocks and recent accelerometric records performed during the last Levkada Earthquake. 
Recording of the 2015 Levkada earthquake 50 km away shows that the vertical network is operational and confirms 
the expected amplifications of the Koutavos Plio-Quaternary basin. The present network is now ready to record 
strong motion for non-linearity studies. 
Key words: Cephalonia, seismic experiment, site effects, active faults. 

 
 
Introduction 
 
In order to validate 3D non-linear computer codes 
and to be able to record a great number of 
earthquake motions, the Koutavos site in Cephalonia 
(western Greece) was chosen considering both the 
geological and geotechnical structure and the high 
seismicity rate. This favourable site is constituted by 
a lagoonal poorly consolidated quaternary basin 
overlying infilling of an active Neogene synclinal. 
Local active tectonics is shown by faulted quaternary 
terraces exposed on the western shore. This 
experimental site was previously equipped in the 90’s 
by Athens University Protopapa et al., 1998) then in 
2011-2012 in the framework of NERA experiments 
(Network of European Research Infrastructures for 
Earthquake Risk Assessment and Mitigation, projet 
FP7 n° 262330, www.nera-eu.org). 62 seismometers 
where settled from September 2011 to April 2012 by 
a European laboratories consortium (ITSAK, ISTerre, 
INGV and GFZ).  
In 2013, a first survey was performed to collect 
geological and geophysical data in the framework of 
the French Research Agency (ANR) PIA SINAPS@ 
project (www.institut-seism.fr/projets/sinaps/). In the 
beginning of 2014, a post seismic campaign was 
performed. In 2015, 3 boreholes were drilled in the 
Koutavos area and several accelerometers were 
installed at different depths to assess site specific 
amplifications and non-linearities in the framework of 
seismic hazard assessment for nuclear installations. 
 
 
 

 
 
Geodynamical and seismic context 
 
North-western Greece is one of the main active 
tectonics areas of the Mediterranean region and 
presents the highest seismic activity in Europe. 
Located at the boundary of the Eurasian/African 
plates, the convergence rate is up to few centimetres 
per year. In the Cephalonia area, this limit is 
constituted by the north-western end of the Aegean 
subduction frontal thrust linked to the dextral 
Cephalonia Transform Fault (CTF west of 
Cephalonia). This major fault plays the role of a 
transition zone between the African subducting plate 
and the continental Apulian plate (Figure 1). Since 
the mean slip rate and the CTF length are large, 
seismic hazard is high in terms of earthquake 
frequency and magnitude. This was the cause of the 
major 1953, Mw 7.2 earthquake and provoked about 
0,5 to 1 meter uplift of a great part of the Cephalonia 
island. Previously, two events occurred in 1915 (Mw 
~ 6.6 & 6.7) in Cephalonia island. This major 
structure is associated with secondary ones which 
are the source of more recent, lower but significant 
earthquakes (e.g. Mw 6.2 Levkada, 2003, Lixourion 
doublet - Mw 6.0 and 6.1, 2014, Mw ~6.4 Levkada, 
2015).  
 

http://www.nera-eu.org/
http://www.institut-seism.fr/projets/sinaps/
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Figure 1: Geodynamical setting of the experiment (structural 
sketch from Cushing, 1985) 

 
Test site geology 
 
The Plio-Quaternary Koutavos basin is located in the 
Argostoli area and is located on a NE striking 
syncline bounded to the west by a thrusted 
asymmetric anticline (Figure 2). This anticline is 
faulted by two east-dipping reverse faults (White 
Rock or Minies Fault and Argostoli Fault).  

 

 
Figure 2 : Geological map and cross section. 

 
Based on all available observations collected in the 
field and previous mapping (Sorel, 1974, Underhill, 
1985, Sorel, 1989), the lithostratigraphic series 
limestones can be described as presented in figure 3. 

 
Figure 3: Lithostratigraphic sketch of the Minies anticline 
(west-left) and Argostoli basin (east-right) 
From bottom to top, overlying Cretaceous limestones:  
Eastern part (Argostoli area) : 

 Unconformably lying on the previous series : Lower Pliocene calcarenites 
(Pc); 

 Pliocene (Plaisancian ?) sands and sandstones (Pb);  

 Lower Pleistocene sandy shales (Pa); 

 Quaternary (recent) lagoonal deposits. 
Western part (Minies and Lardighos areas) : 

 Paleogen carbonates to lower Pliocene clayey series (Zanclean); 

 Unconformably lying on the previous series : Lower Pliocene calcarenites 
(Pc); 

 Plaisancian blue marls (Pb);  

 Lower Pleistocene sandy marls and gravels (Gelasian) and calcarenites 
(Calabrian) (Pt); 

 Unconformably lying on the previous series, Early to middle Pleistocene 
cemented slopes breccia (Pt-c)  

 Middle to upper Pleistocene screes laterally connected to Pleistocene marine 
calcarenite terraces (raised beaches) (Pt-s/Pt-m); 

 Recent to present Quaternary deposits (Q). 

 
Database 
 
Post seismic campaign: 
 
More than 6000 events have been recorded during 
the post seismic campaign from February 2014 to 
June 2015. Each record has been checked, validated 
and picked manually considering the access to a very 
large database for Europe. Most of the events have 
epicentral distance less than 30 km. Some records 
show Pick Ground Acceleration (PGA) close to 0.1g 
(Figure 4). 
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Figure 4: Post-seismic database. PGA (color scale) are 
represented according to the epicentral distance and to the 
local magnitude. Each point corresponds to an earthquake 
recorded at the rock site station. 

 
Koutavos boreholes : 
 
Boreholes were performed in June 2015 in Koutavos 
park close to the Argostoli town (see location in 
Figure 2): 
 
• Two 84.5 m deep boreholes: one cored borehole 
(B1) and one destructive borehole (B2) where a 
probe was installed: 
• Three destructive boreholes at 40.1 (B3), 15.6 (B4) 
and 5.5 (B5) meters deep, very close to the previous 
one (see Figure 5). 
Boreholes were drilled in the Plio-Quaternary units, 
the deep borehole almost reached Cretaceous 
Limestones. 
 

 
Figure 5: Geotechnical measurements. 

 
One Standard Penetration Test (SPT) was performed 
in B1. Two crossholes : CH1 (between B2 and B3) 
and CH2 (between B3 and B4) and two downholes : 
DH1 in B2 and DH2 in B3. 
 
Borehole Accelerometric Network 
 
Destructive boreholes were equipped with seismic 
accelerometers at the bottom of each borehole 
(except the core borehole). One accelerometer was 
settled at the surface. All accelerometers 
(Kinemetrics Episensor) in boreholes have 3 
components. An additional rotational sensor 
(EENTEC R1) is located at surface. The anchorages 
in the boreholes are made up by glass beads. This 
process was validated by shaking table test 
(AZALEE, Saclay, France). 

Results and interpretation 
 
Geological interpretation 
 
The interpretation of the geological logging and the 
geotechnical investigations (SPT/CH/DH), allow 
defining five lithostratigraphic units (Figure 6): 
 
• Quaternary deposits (Q) : 2 meters of backfill  
overlying about 6 m of lagoonal deposits. For this 
layer the SPT values are under 10 and the Vs values 
are less than 250 m/s. In this unit, a recent study 
(Hadler, 2013) identified a possible succession of 
four distinct tsunamigenic layers. The ages of these 
deposits are validated by radiocarbon dating of about 
6000 BP for the oldest event. 
• (Lower?) Pleistocene (Pa) : this unit shows 3 
distinct lithological sets from top to bottom : 39 m of 
red brown clays, 21 m of red-brown clays and 10 m 
of grey-blue marls with organic matter and fossils 
(corals, gastropods and oysters). SPT values are 
about 30 in average and Vs values ranges between 
400 and 500 m/s. This series has been correlated 
with the one observed  in the two previous boreholes 
drilled 1,5 km further N-W close to the De Bosset 
Bridge where an extensive subsurface investigation 
program was performed in 2005 (Rovithis et al., 
2014). This series outcrops in the vicinity clay quarry 
as yellowish to reddish sandy clays. This formation 
may be correlated with the local lower Pleistocene 
sandy shales outcropping close to to Koutavos area. 
• Pliocene (Plaisancian ?) (Pb) : 15.5 meters of marly 
sandy limestones and marls. The Vs values range 
between 500 and 700 m/s. This formation was 
encountered also in the De Bosset bridge boreholes. 

It outcrops in the Argostoli town as an alternation of 
yellowish calcarenites and clays. 
• In the bottom of B1 borehole, cretaceous 
limestones blocks have been collected suggesting 
that this unit may be reached at 90 m below the 
ground surface considering close water borehole 
information. 

 
Figure 6: Joint evaluation of the derived P and S-wave 
velocity distribution with depth from crosshole and downhole 
measurements. SPT values are also presented. The 
simplified geological and geotechnical profile of borehole B1 
is also presented (after Papazachos et al., 2015). 
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First validation of the vertical network 
On November 17

th
 2015, a Mw 6.5 earthquake 

occurred in the western part of the Levkada island, 
50 km north of the vertical array. This earthquake 
was recorded by all the accelerometers on the 
vertical network and at surface. PGA varies between 
0.03 g at the bottom (B2) to 0.15 g at surface, as 
illustrated in figure 7. 
 

 
Figure 7: Variation of horizontal (North-South direction) 
accelerations recorded at different depth from the deepest 
borehole (-B2) up to the surface. The B5 has not yet been 
equipped. The red trace is the record of the Levkada 
Earthquake a few hundred meters away on a rock site. 

 
Conclusions 
 
The experimental site of Koutavos is well constrained 
by geological and geophysical data gathered during 
previous different investigations (NERA, SINAPS@, 
post seismic campaign). Geological and geotechnical 
data were also collected during the drilling of 
boreholes confirming the previous geological 
interpretation of the Koutavos area.  
The recording of a strong earthquake in Levkada 
50 km away from the network shows that this one is 
operational and confirms the expected amplifications 
of the Koutavos Plio-Quaternary basin. The 
interpretation of geophysical investigations previously 

performed (H/V, AVA and MASW + rotational 
accelerometers) and postseismic records on a large 
array are pending. The present network is now ready 
to record strong motion for non-linearity studies. 
 
Acknowledgements: This project was conceived after the 
NERA-JRA1 et SIGMA / PRENOLIN projects then founded 
by French ANR in the framework of the program 
"Investissements d'avenir" (PIA) : SINAPS@ (ANR-11-
RSNR-0022 - www.institut-seism.fr/en/). Local authorities 
have warmly welcomed the project and helped to obtain all 
necessary authorizations. Thanks also to Agis Konidaris, 
Chrisostomos Andreou, GEOTER co., Geophysical lab. of 
Thessaloniki University and many persons who participated 
to September 2013 and February 2014 field campaigns. 
 

 
References  
 
Hadler H. (2013). Ancient Greek harbours used as geo-

archives for palaeotsunami research - Case studies from 
Krane (Cefalonia), Lechaion (Gulf of Corinth) and Kyllini 
(Peloponnese). Ph.D.Thesis, Johannes Gutenberg-
Universität in Mainz. 140 p. 

Cushing M., (1985). Evolution structurale de la marge nord 
ouest hellenique dans l’ile de Levkas et ses environs 
(Grece nord occidentale). Ph.D.Thesis, University of 
Paris-Sud, France (in French). 

Protopapa E., Papastamatiou D. M. & G. Gazetas, (1998). 
The Ionianet Accelerometer Array: Early Results and 
Analysis in: Proceedings of the 11th European 
Conference on Earthquake Engineering, Balkema, 
Rotterdam. 

Papazachos, C.B., Poultsidis M. & M. Anthymidis, (2015). 
Performance of seismic wave velocity measurements at 
selected areas of Cephalonia Island, A.U.TH., Final 
Report, July 2015. 

Rovithis E., Pitilakis K., lachoulis T., Karani I., Chorafa E. & 
E. Zarogiani, (2014). “De Bosset” monumental stone 
bridge in Cephalonia: Strengthening measures and 
seismic response under the earthquakes of 26/01/2014 
and 03/02/2014 in: 2nd International Conference on 
Bridges "Innovations on Bridges and Soil-Bridge 
Interaction, 16-18 October, Athens, Greece. 

Saltogianni V. & S. Stiros, (2015). A Two‐Fault Model of the 
2003 Leucas (Aegean Arc) Earthquake Based on 
Topological Inversion of GPS Data. Bulletin of the 
Seismological Society of America 105, 2510-2520. 

Sorel D. (1976). Etude néotectonique dans l'arc égéen 
occidental. PhD Thesis - Paris Orsay (Paris XI). 

Sorel D. (1989). L'évolution structurale de la Grèce nord-
occidentale depuis le Miocène dans le cadre de 
géodynamique de l'arc égéen. Thèse d'état. Paris Orsay 
(Paris XI). 

Underhill J. (1989). Late Cenozoic deformation of the 
Hellenide foreland, western Greece. Geological Society 
of America Bulletin 101, 613-614 

.

 



7th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 30 May to 3 June, 2016, Crestone, Colorado, 
USA 

 
 

INQUA Focus Group on Paleoseismology and Active Tectonics 
 

 
 

 
Developing a paleoseismic age model for large-magnitude earthquakes  

on fault segments of the Himalayan Frontal Thrust in India 
 

Daniels, Robyn L. (1), Tina M. Niemi (1), R. Jayangondaperumal (2) 
 
(1) Department of Geosciences, University of Missouri-Kansas City, 5100 Rockhill Road, Kansas City, MO 64110, USA.  
           Email: rldwvf@mail.umkc.edu  
(2)     Wadia Institute of Himalayan Geology, 33 GMS Road, Dehradun 248001, India 
 
Abstract: Crustal collision between Eurasia and the Indian subcontinent has produced a thrust fault system that accommodates 
a share of the strain associated with convergence. The foremost of these faults is the Himalayan Frontal Thrust (HFT), which has 
produced numerous, large-magnitude earthquakes along discrete segments of the fault throughout the last two centuries that 
are constrained through instrumental and historical records. Paleoseismic studies have aimed to establish comparable constraint 
for penultimate ruptures of the fault.  Of particular interest is the segment of the fault known as the Central Seismic Gap (CSG), 
due to an apparent long-term quiescence that suggests the potential for impending large-scale rupture.  Here we compile recent, 
paleoseismic findings from seven published trench sites into a coherent OxCal age model for large-magnitude ruptures along the 
CSG.  Our results indicate that the CSG likely ruptured in the event corresponding to historical accounts of an earthquake in 1344 
A.D., while the north-westernmost segment in India likely ruptured in the earthquake of 1555 A.D. 
 
Key words: Himalaya thrust, historic earthquakes, paleoseismology,  
 
 
INTRODUCTION 
 
The Himalayan thrust fault system lies at the active, 
tectonic boundary between Eurasia and the Indian 
subcontinent, and accommodates a share of the strain 
associated with convergence and the concomitant uplift 
of the Himalayan Mountain Range (Fig 1).  The foremost 
in this series of transverse thrust faults is the Himalayan 
Frontal Thrust (HFT), also referred to as the Main Frontal 
Thrust (MFT).   Numerous large-magnitude earthquakes 
have ruptured discrete segments of the HFT in the last 
two centuries, as referenced in earthquake catalogues 
(e.g. Khattri, 1987; Iyengar et al., 1999; Ambraseys, 2000; 
Pant, 2002; Ambraseys and Douglas, 2004).   
 

 
Fig. 1: Map showing the major zones of Himalayan convergence—
MCT: Main Central Thrust; MBT: Main Boundary Thrust; and HFT: 
Himalayan Frontal Thrust. Trench site locations are labeled as in 
Fig. 2. Schematic cross-section through central Nepal showing the 
main structures and instrumental thrust earthquake foci. STD: 
Southern Tibet Detachment; MHT: Main Himalayan Thrust; (after 
Lavé et al., 2001). 

Incomplete historical records and inferred rupture 
locations leave many unanswered questions 
surrounding the timing and nature of these events that 
can be addressed through paleoseismic investigation.  
The need for additional paleoseismic data is particularly 
critical along segments of the HFT that lack a 20th 
century rupture, such as the Central Seismic Gap (CSG), 
which lies between the areas affected by the 1905 A.D. 
and 1934 A.D. earthquakes. Establishing the timing of 
earthquakes along the CSG is critical in assessing seismic 
hazards for areas proximal to the fault that have both 
large populations and inadequate infrastructures. While 
several paleoseismic studies have been conducted 
across the HFT, along and adjacent to the CSG; a 
comprehensive analysis of the radiocarbon ages 
associated with these studies has not previously been 
completed. In order to better constrain the timing of 
paleoearthquakes on the northwest, Indian section of 
the HFT, we have evaluated trench data and compiled 
recent, radiocarbon age results from seven sites 
including (from northwest to southeast): Hajipur, 
Bhatpur, Chandigarh, Kala Amb, Rampur Ganda,             
Lal Dhang, and Ramnagar (Fig. 1) (Kumahara and 
Jayangondaperumal, 2013; Malik et al., 2010; Kumar et 
al., 2001 and Kumar et al., 2006).  Review articles by 
Mugnier et al. (2013) and Bollinger et al. (2016) provided 
a synopsis of earthquakes along the central Himalaya 
and Nepal sections of the HFT, respectively.   
 
An age model was developed for each of the seven 
trench sites based on published radiocarbon results, 
with consideration given to the stratigraphic context of 
each trench, using the OxCal software program (Bronk 
Ramsey, 2009) with the IntCal13 atmospheric calibration 
curve (Reimer et al., 2013).  These models are presented 
here, alongside published trench logs, in a panoptic 
illustration (Fig. 2) that offers a coherent chronology for 
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large-scale ruptures of the CSG.  Calendar date ranges at 
one- and two-sigma confidence intervals are shown 
adjacent to probability distribution functions for 
earthquakes identified at each of the sites.   The data 
reveal collective evidence for a rupture of the CSG 
corresponding to the historical earthquake of 1344 A.D. 
 
PALEOSEISMIC DATA 
 
A short description of each of the trenches follows, 
beginning with the Hajipur site, which lies outside of the 
CSG to the northwest. Four stratigraphic units were 
identified in the trench at Hajipur (Malik et al., 2010), 
which measured approximately 18 meters long, 2-2.5 
meters wide and 1-4.5 meters in depth.  The oldest layer, 
Unit A, is a gravel layer with sand lenses.  Unit B is a 
medium to coarse sand, and is the youngest faulted unit.  
Units A and B are thrust over Unit B in the footwall along 
a low-angle fault strand in a single event.  Units C and D 
are colluvium layers capping the faulted sequence.  
Charcoal samples included in the model were collected 
from Unit B in the hanging wall (H5) and at the interface 
between Unit B in the footwall and the colluvium layer, 
Unit D (H2a).  The age model gives a two-sigma 
confidence interval for the event occurring within the 
range of 1336 A.D. – 1771 A.D., and a one-sigma 
confidence interval for occurrence in the range of 1406 
A.D. – 1628 A.D.   
 
The Bhatpur trench (Kumahara and Jayangondaperumal, 
2013), located 80 km southeast of Hajipur and also to the 
northwest of the CSG, measured 22 meters long and 5 
meters deep, and revealed six stratigraphic units.  The 
oldest of these, Unit 1, is a matrix-supported pebble-
gravel.  Unit 2 is also a matrix-supported pebble-gravel 
that is faulted in the hanging wall, and repeated as a sub-
horizontal layer with some folding in the footwall.  The 
base of Unit 2 is a fine-grained sand.  Unit 3 is a sand and 
silt layer with gravel lenses, with interbedded, organic-rich 
layers that are interpreted to be buried paleosols.  Units 1-
3 are faulted and displaced over Unit 3 in the footwall.  
Units 4 and 5 are capping colluvium layers and Unit 6 is 
interpreted as an active fan deposit.  Four charcoal 
samples were collected from the faulted Unit 3 (BHA-004, 
BHA-103, BHA-114, and BHA-118) and one from the Unit 5 
colluvium layer (BHA-117).  The age model gives a two- 
sigma confidence interval for occurrence in the range of 
1341 A.D. – 1460 A.D., and a one-sigma confidence interval 
for occurrence in the range of 1399 A.D. – 1445 A.D. 
 
The trench at Chandigarh (Kumar et al., 2006), located 
approximately 90 km southeast of the Bhatpur site, was 
excavated to 40 meters in length and 4-5 meters in depth.  
Seven distinct units were exposed on excavation.  Units 1-3 
are gravel layers and Unit 4 is described as a sandy, silty 
clay.  Units 1-4 are faulted and overlie Unit 4 in the 
footwall.  Unit 5 is interpreted as a cut and fill channel that 
caps the fault strand, and Unit 6 is colluvium.  Unit 7 is a 
young, overbank deposit of silty sand.  Charcoal samples 
were collected from Unit 4 in the footwall (PAN-05, PAN-

08, PAN-23, and PAN-26), from the colluvium layer, Unit 6 
(PAN-01, PAN-02, PAN-03, and PAN-27) and from Unit 7 
(PAN-09, PAN-11, and PAN-17).  The age model gives a 
two-sigma confidence interval for this rupture occurring in 
the range of 1325 A.D. – 1390 A.D. and a one-sigma 
confidence interval for occurrence in the range of 1340 
A.D. – 1374 A.D. 
 
The trench at Kala Amb (also known as Black Mango) 
(Kumar et al., 2001), located 50 km to the southeast of 
Chandigarh, measured 55 meters in length and 5-10 
meters in depth.  Four fault strands were identified in this 
trench.  For the purpose of this model, we focus on the 
strand labeled F3, as it is suggested that the upper strands 
may have occurred in a second event with much less co-
seismic slip.  The F3 fault strand marks the displacement of 
a gravel layer, Unit 2, and a silty sand layer, Unit 3, in the 
hanging wall over Unit 3 in the footwall.  Unit 1 is 
identified as Siwalik bedrock, but this layer is not exposed 
adjacent to F3.  Although it is apparent that colluvium 
layers have developed above Unit 3, these are not 
differentiated from Unit 3. Radiocarbon ages for charcoal 
samples collected from Unit 3 in the footwall of F3 are 
included (C-14, C-18, C-19, and C-21) and from colluvium 
layers in Unit 3 that cap the faulted sequence (C-13, C-15, 
and C-22).  The age model gives a two-sigma confidence 
interval for occurrence in the range of 1304 A.D. – 1393 
A.D. and a one-sigma confidence interval for occurrence in 
the range of 1327 A.D. – 1380 A.D. 
 
Rampur Ganda is located just 20 km southeast of Kala 
Amb.  The trench excavated at this location (Kumar et al., 
2006) measured 58 meters in length and exposed 3 
distinct stratigraphic units.  The oldest of these, Unit 1, is 
sheared, Siwalik sandstone bedrock.  Unit 1 together with 
Unit 2, a fluvial sand and gravel layer capped by a 
succession of soils, are displaced over Unit 2 in the 
footwall.  The fault is capped by Unit 3, which consists of 
aeolian fill abutting the newly formed scarp underlying a 
layer of colluvium.  Charcoal samples were collected from 
Unit 2 in the hanging wall some distance from the fault 
(AB-18) and at the interface between Unit 2 and Unit 3 in 
the footwall (AB-07).  Unit 3 was also dated above Unit 2 in 
the footwall (AB-08).  A two-sigma confidence interval is 
given for the event occurring within the range of 1265 A.D. 
– 1417 A.D. and a one-sigma confidence interval for the 
range of 1275 A.D. – 1400 A.D. 
 
The trench at Lal Dhang (Kumar et al., 2006) measured 25 
meters in length and 4-6 meters deep and exposed seven 
stratigraphic units.  From oldest to youngest: Units 1 and 2 
are gravel layers, Unit 3 is a poorly compacted sand layer, 
Unit 4 is a compact, silty clay and Unit 5 is a sandy loam.  
Units 1-5 are thrust over and plowed into Unit 5 in the 
footwall.  Both Unit 6, a basal colluvium layer, and Unit 7, a 
scarp-derived colluvium layer, are unfaulted.  Charcoal 
samples were collected from Unit 3 in the footwall (LDT-
02) and in the hanging wall (LDT-15), and from Unit 4 in 
the footwall (LDT-11).  Additional samples were collected 
just above the contact between Unit 5 in the footwall and 
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Fig. 2: Evidence of paleoearthquakes at seven trench sites along the HFT based on published, paleoseismic trench data (Kumahara and 
Jayangondaperumal, 2013; Malik et al., 2010; Kumar et al., 2001 and Kumar et al., 2006). One- and two-sigma confidence intervals are given for 
rupture dates at each site, alongside probability distribution functions developed from radiocarbon age results using the OxCal software 
program (Bronk Ramsey, 2009). Vertical lines indicating dates of putative earthquakes in 1255, 1344, 1408, 1430, 1505 and 1555 are 
superimposed. Radiocarbon sample collection locations are shown on each trench log and trench sites are labeled alphabetically, corresponding 
to labeled locations in Fig. 1.  
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the colluvium layer, Unit 6 (LDT-31), near the hanging wall 
in Unit 6 (LDT-43) and from the Unit 7 colluvium layer (LDT-
32).   The age model gives a two-sigma confidence interval 
at this site for an event occurrence in the range of 1293 
A.D. – 1452 A.D. and a one-sigma confidence interval for 
occurrence in the range of 1322 A.D. – 1432 A.D. A new 
trench was excavated at this site in late September 2015 
and is presented at this conference (Niemi et al., 2016).   
 
The southernmost trench site included in our study was 
excavated near Ramnagar (Kumar et al., 2006), 
approximately 90 km southeast of the Chandigarh site, and 
measured 32 meters in length.   Five stratigraphic units and 
three fault strands were identified, and all displacement is 
attributed to a single event.   Faulted units include: Unit 1, 
a gravel layer; Unit 2, a silty, sandy clay; Unit 3, a clayey, 
medium to coarse sand with gravel stringers and Unit 4, a 
clayey silt to coarse sand layer.  Unit 5 is unfaulted, scarp-
derived colluvium of dark, clayey sand with weak soil 
development.  Charcoal samples were collected from Unit 
3 between the F2 and F3 fault strands (BR-09), Units 3 and 
4 in the hanging wall of F2 (BR-06 and BR-15) and the 
colluvium layer, Unit 5 (BR-07).  A two-sigma confidence 
interval is given for an occurrence date range between 
1281 A.D. – 1405 A.D., and a one-sigma confidence interval 
for 1286 A.D. – 1350 A.D. 
 
DISCUSSION 
 
Dating paleoseismic events using radiocarbon data can be 
problematic due to the potential for reworking of charcoal 
samples during the post-seismic erosion of fault scarps.  
For this reason, it is critical that a sufficient number of 
samples be collected, and that collection from colluvium 
layers be avoided.  Modelling these data using a Bayesian 
statistical program such as OxCal that incorporates 
stratigraphic relationships greatly increases the accuracy of 
these results. 
 
The OxCal model presented here indicates one event, 
coeval across the five southernmost sites, corresponding 
to the historically documented earthquake of 1344 A.D.  
The two-sigma confidence interval for the Lal Dhang site 
includes probability for putative events in 1408 A.D. and 
1430 A.D.; however preliminary data from a new study at 
this site (Niemi et al., 2016) indicates a two-sigma range 
ending prior to 1408 A.D., which suggests greater 
agreement with the 1344 A.D. event. To the northwest of 
the CSG, results are less clear. The two-sigma confidence 
interval for Bhatpur also includes probability for rupture in 
1344 A.D., however the distribution for this site does not 
rule out the possibility of rupture in 1408 A.D. or 1430 A.D. 
It is worth noting, however, that evidence for purported 
earthquakes along the northwestern section of the HFT in 
the 15th century is scarce. The northernmost site at Hajipur 
is poorly constrained due to a dearth of radiocarbon data 
for this site, and therefore some probability exists for 
ruptures corresponding to any of several historical 
earthquakes.   However, the earthquake of 1555 A.D. is a 
probable candidate, due to the close proximity to the 
affected area for that event.   

Preliminary estimates of recurrence intervals for the 
segment to the northwest of the CSG can be calculated as 
1905 A.D.–1555 A.D., or 350 years; and southeast of the 
CSG as 1934 A.D.–1255 A.D. or 679 years (Mugnier, et al., 
2013).  Based on an inferred rupture date of 1344 A.D. as 
suggested by our model, the CSG has not ruptured in 672 
years, which reinforces the concern for an impending 
large-scale event. 
 
Acknowledgements: Special thanks to the University of 
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Abstract: The southwest of Portugal is located close to the Eurasia – Nubia plate boundary, characterized by an 
NW-SE to WNW-ESE oblique convergence at a rate of 4-6 mm/yr. Inland, this convergence is accommodated by 
several active structures with low tectonic rates (< 0.5 mm /yr). The São Teotónio – Aljezur - Sinceira Fault system 
(STASFS) is a 50 km long left-lateral strike-slip fault system, trending NNE-SSW, approximately parallel and close 
to the SW Portuguese coastline, with an estimated horizontal slip rate of 0.16 mm/yr. Holocene deformation was not 
recognized. Recent paleoseismological studies demonstrated that STASFS fault segments may have been 
subjected to an increase in Coulomb stress during periods of sea level rise. We suggest that late Pleistocene 
seismicity along STASFS might be related to periods of rapid sea-level rise, such as the one that occurred 
immediately after Last Glacial Maximum, thereby releasing accumulated strain and allowing for ~15 ka of inactivity. 
 
Key words: Portugal, active tectonics, Pleistocene, seismic triggering, sea level rise. 
 
 
INTRODUCTION 
 
The study area (SW Portugal) is located in the 
southwestern region of Iberia, at the northern edge of 
the Gulf of Cadiz, and near the SW Iberian 
continental margin. In this region of the Atlantic, the 
Eurasia and Nubia plates converge obliquely along a 
NW-SE to WSW-ESE direction at a average rate of 
4-6 mm/yr (Fernandes et al., 2007, Serpelloni et al. 
2007 among others) (Fig.1).  

 
The plates convergence is distributed through 
several folds and faults which define a wide plate 
boundary zone partially encompassing the Southwest 
Portuguese Continental Margin. Major offshore NNE-
SSW to NE-SW striking thrust systems are thus 
present, such as the Marquês de Pombal, Horseshoe 
and Gorringe Bank faults, inferred as likely sources 
of high magnitude seismicity, as the 1755 (Mw≥8) 
(Baptista et al., 2009) and the 1969 (Mw 7.9) 
earthquakes. Inland, several active structures with 
low tectonic rates (<0.5 mm/yr) accommodate the 
ongoing deformation (Cabral, 1995; Dias, 2001). 
From these the most significant is the NNE-SSW 50 
km long São Teotónio–Aljezur–Sinceira left-lateral 
fault system (STASFS), which trends parallel to the 
western coast (Fig.1).  
 
Significant regional historical seismicity with high 
intensities is reported, probably related as well with 
the offshore generated seismicity. 
Paleoseismological trenches across the STASFS 
exposed evidence for Pleistocene seismic activity but 
not for the Holocene (Figueiredo et al. 2010; 
Figueiredo, 2015). 
 
Recent studies demonstrated that during periods of 
fast sea level rise and consequent loading at the 
continental platform, changes in the Coulomb stress 
for specific faults in Portugal might occur with 
implication in the seismic triggering (Neves et al., 
2015). In this abstract we discuss this relationship for 
the STASF. 

 
Fig.1- Quartenary tectonic structures at the SW Portugal. 
STASFS is marked in the map. Tectonic basins are 
indicated by yellow color. Bathymetry for 0-200 meters (A). 
Localization of Gulf of Cadiz and South Iberia Margin . and 
SW Portugal in the context of Eurasia-Nubia plate 
boundary (adapted from Figueiredo et al., 2013) 
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DISCUSSION 
 
The São Teotónio – Aljezur - Sinceira Fault 
System 
 
Active faults in SW Portugal are characterized by low 
tectonic rates, although capable to generate medium 
to large magnitudes earthquakes. A slow deformation 
rate also implies large average recurrence periods 
and infrequent large earthquakes. The SW Portugal 
is also characterized by high drainage incision rates 
favored by a regionally high uplift rate of circa 0.1 
mm/yr (Figueiredo et al., 2013), which also promotes 
erosion and the removal of the Pleistocene and older 
cover sediments. Thus, the recognition of paleo- 
earthquakes is difficult and the likelihood to constrain 
the seismic cycle record is very low. 
 
The STASFS is an en echelon left lateral fault 
system, deforming an inherited Miocene regional 
abrasion platform which was re-trimmed during the 
Plio-Pleistocene. Along the STASFS exist 4 small 
elongated tectonic basins filled with sediments dating 
from the Miocene (marine sediments) to the 
Pleistocene (fluvial and colluvial). When the main 
fault crosses the regional platform stepping out of the 
tectonic basins, it does not evidence any significant 
vertical offset and the horizontal slip component is 
difficult to track in the smoothened regional 
topography. Thus, apparently the main fault trace 
does not control significantly the morphology of the 
regional planation surface, except for the basins. The 
largest of these basins is the Aljezur basin which is 
almost in continuity with the smaller Alfambras basin 
to the south, separated by a small push-up structure. 
 
A detailed morphotectonic analysis aiming to 
recognize Quaternary deformation was conducted 
along the Aljezur and Alfambras basins. Several 
morphometric indexes were also applied to the 
drainages and to the relief. All tectonic basins have 
the main drainage running approximately parallel to 
the main fault, sometimes crossing it; the basins are 
elongated parallel to the fault system, but with an 
asymmetrical drainage pattern, with longer tributaries 

to the E and shorter to the W. Several indexes were 
calculated to analyse the streams, such as the 
stream channel sinuosity (S), stream gradient index 
(SL) and channel steepness (Ksn), and to 
characterize the basins shape, as the basin relief 
ratio (Rh), elongation ratio, and basin asymmetry 
factor (AF). Valley floor width to height ratio (Vf) and 
mountain front sinuosity (Smf), which are applied to 
mountain fronts, were applied in this study to the 
relief generated by the development of the strike-slip 
basins. Although not all of the geomorphic indexes 
were adequate to apply to strike-slip kinematics, and 
the deformation rates of the STASFS are very low, a 
cross correlation of analysis conducted trough 
different approaches lead to the identification of fault 
activity (Figueiredo, 2015). 
 
These analyses along with field surveys and 
geoelectric tomography measurements, allowed 
identifying not previously recognized active segments 
of the STASFS. Based upon the interpretation of 
geomorphic features, a long term Pleistocene activity 
was recognized for the STASFS along the Aljezur 
and Alfambras basins. A landform interpreted as a 
shutter ridge was used to estimate a horizontal slip 
rate in the range of 0.1-0.2 mm/yr. 
 
Based upon fault length and other characteristics, the 
presence of distinct fault segments, and assumptions 
about failure scenarios, we estimated a maximum 
expectable earthquake on this fault system to be in 
the range of Mw 6.0 to 7.1, with average 
displacements per event smaller than 1 m, and 
average recurrence intervals ranging from 8 to 20 ka 
(Figueiredo, 2015). 
 
Several paleoseismological trenches were opened in 
an effort to recognize paleo-earthquakes as well as 
evidence for the last significant event. Pleistocene 
deformation was identified and the trench sections 
exposed sediments that were folded and dragged 
into a narrow fault zone, which restricted the 
individualization of paleo-events (Figueiredo et al., 
2010; Figueiredo, 2015). No Holocene surface 
ruptures were recognized. 

 
 
Fig.2- Photo-mosaic of Alfambras trench: lower and upper alluvial fan deposits are identified; yellow trace indicates the top of 
the lower sequence. Faults in red, bedding in black. 
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Recent trenching at the Alfambras segment (Fig.2) 
revealed deformation within weathered alluvial fan 
sediments (Lower Sequence), covered by a younger 
alluvial fan sequence (Upper Sequence). Carbon 14 
dating of detrital charcoal recovered from the base of 
this younger sequence yielded uncorrected ages of 
13930 ± 610 yr and 13320 ± 180yr, supporting the 
absence of Holocene surface ruptures for this strand 
of the fault system. 
 
Although the fault zone was not fully exposed at the 
trench and further work needs to be conducted, at 
this site, it exposed a sequence of older and 
weathered alluvial fan sediments with embedded 
channels which was deformed, with minor folding and 
displacements as expected along a strike-slip fault. It 
is our reasoning that both alluvial fan deposits (Lower 
and Upper Sequences) are related with a local 
transverse drainage. We interpret that the Lower 
sequence might be late Pleistocene in age, probably 
corresponding to MIS 5 high-stand. To support this 
evidence, samples for OSL dating were collected. 
 
LGM Sea level rise and Stress Loading  
 
The concept of ocean loading as a mechanism to 
promote small static stress variations and Coulomb 
stress changes at active faults, which could favor or 
inhibit seismic failure on near-shore fault systems, 
was developed by Luttrell & Sandwell (2010). It is 
based on the assumption of the bending of the 
lithosphere in response of the increase of the water 
load on the continental shelf due to eustatic sea-level 
rise. Depending on the elastic plate thickness, the 
platform morphology and the location, geometry and 
kinematics of the faults, distinct increases or 
decreases in the Coulomb stress could be calculated.  
 
This concept was recently modeled for Portugal 
considering the sea-level rise after the Last Glacial 
Maximum (LGM), which was of circa 120 m (Neves 
et al., 2015). Neves et al. have modeled the flexural 
effects of ocean loading for several fault systems and 
locations in Portugal assuming an elastic plate 
thickness of 25 and 45 km. Results evidence that the 
sea level rising might have contributed as much as 
0.05 kPa/yr, which may be larger than the tectonic 
loading in most faults for Portugal and thus significant 
for seismic triggering in such a low tectonic rate 
setting. These stress increases were verified along 
faults with favorable location, geometry and 
kinematics. Although the STASFS was not 
considered in the previously published work, it was 
also tested. Results indicate that STASFS fault 
segments located east of longitude -8.85 may have 
been subjected to an increase of the Coulomb stress 
during periods of sea level rise (Fig.3). These fault 
segments are the ones present at the Alfambras and 
Aljezur basins, corresponding as well to those with 
clearer geomorphic expression and evidence for 
Pleistocene deformation relatively to other fault 
segments located southwards and west of longitude -
8.85, at the Sinceira basin. 
 

Fig. 3 - Normal (red, Δτn) and Coulomb (green, Δσc) stress 
changes resolved for the STASFS. 
 
Additional results for the SW Portugal are that for an 
elastic plate thickness of 40 km and modelled for a 
shallow observation (3km depth) positive Coulomb 
stress changes can occur and consequently favoring 
fault rupture at shallow depths (Fig.4). STASFS is 
located within the area where increases of circa 1.0 
to 1.2 MPa might be promoted by a sea leve rise. 
 

 

 
 
Stress Loading vs. Late Pleistocene Seismicity 
 
At the above referred Alfambras trench, alluvial fan 
deposits older than circa 13-14 ka are deformed, 
evidencing bedding disruptions, minor folding and 
offsets. This older unit, (Lower Sequence), is at the 
moment of unknown age but its similarity with the 
Upper Sequence leads to the interpretation that they 
both have the same provenience under similar 
conditions. The top of the Lower Sequence unit 
evidences erosion and a deposition hiatus, eroding 

 
Fig.4 – Maximum shear stress due to the elastic 
deflection in response to 120mof sea level rise. The 
stress perturbations are particularly sensitive to the 
elastic plate thickness (Te) and to the geometry of the 
coastline. Here it is presented the computing results for 
a Te of 40 km and shallow depths of 3 km. STASFS is 
highlighted by the white color trace.  
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also some of the deformation (see yellow line in 
Fig.2). Upper Sequence unconformably overlies the 
Lower Sequence, both lying approximately 
horizontally. Since the base of the Upper Sequence 
is 13-14 ka we may assume that Lower Sequence is 
late Pleistocene in age, to be confirmed by OSL 
dating.. 
 
The Upper Sequence is not deformed; therefore we 
know that seismicity has occurred before 13-14 ka 
and possibly not much before that. We thus raise the 
hypothesis of this late Pleistocene deformation being 
related with the fast sea level rise that started after 
the LGM, 16 ka ago. Such a correlation between 
seismicity and sea level rise after the LGM has been 
previously identified in NE Portugal (Rockwell et al. 
2009) (Fig.5) and it is in good agreement with the 
modelled sea level rise effects by Neves et al. 
(2015). 
 

 
 
We then suggest that STASFS fault segments may 
have been subjected to an increase in Coulomb 
stress, and that late Pleistocene seismicity along the 
STASFS may be related to periods of rapid sea-level 
rise, such as the one that occurred immediately after 
the LGM, thereby releasing accumulated strain and 
allowing for ~15 ka of inactivity up to the present. 
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Fig.6.- (a) Relative sea level curves according to 
several authors overlapped with significant Melting 
Water Pulses [(MWP) and climatic events; (b) Cluster 
of large magnitude events (E1, E2 and E3) that 
occurred at the Vilariça fault (NE Portugal) in the period 
between 14.5 and 11 ka). Amount of displacement and 
age of deformation is indicated. (adapted from Neves et 
al. 2015). 
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Abstract: We propose the concept of coseismic stratigraphy, an approach that could be highly useful for studying 
lacustrine basins in zones with important tectonic activity. Extant and past lakes have been studied in many parts of 
the world with paleolimnological objectives, for knowing climate evolution, or for detecting anthropogenic effects. 
Our research team working in lakes of the Trans Mexican Volcanic Belt has noticed that many of the secondary 
effects of important earthquakes (>5) have been either omitted or interpreted as effects of climate and human 
processes. Through the analysis of stratigraphy and the examination of secondary structures generated by 
earthquakes or by coseismic ruptures, we propose the term coseismic stratigraphy in order to call the attention of 
students of sediments in basins within scenarios that have been modified by seismic events that changed the 
conditions of sediment deposition and sediment structure. 

Key words: lakes, seism and stratigraphy 
 
 
INTRODUCTION 
Making strict sense paleosesimic studies in active volcanic 
zones like the Trans Mexican Volcanic Belt (TMVB) –
particularly in central Mexico– becomes a complex task. 
While several fault systems have been defined and their 
historical activity has been documented to some extent, 
because the rupture occurs in either lava blocks or in 
volcanic scoria, the study of a given coseismic rupture is 
complicated by their coexistence until recent time with 
highly active volcanic fields and other factors. However, 
scenarios are known in which paleosesimic analysis is 
favored. 
The age and permanence of sediments of paleobasins and 
present lacustrine basins in central Mexico –directly or 
indirectly originated and influenced by regional tectonic 
activity– have made them focal to paleoenvironmental and 
anthropological studies because of their physical capacity 
of preserving a continual sedimentary record (reference 
please). More recently, these sediments have been proven 
to be effective for recording important earthquakes by a 
combination of direct (synsedimentary faults) or secondary 
effects (liquefaction, underwater slumps, slumps on 
slopes), and of geometric modifications of either the basin 
or the sedimentary sequence. In studies of sedimentary 
sequences of surface coseismic ruptures, one must also 
account for the possible effects of erosive processes in the 
seismic record. Nevertheless, seismic records in lacustrine 
sequences have received little attention (Langridge et al 
2000 Garduño-Monroy et al., 2010; Rodríguez-Pascua et 
al., 2003; Israde-Alcántara et al., 2005, Rodríguez-Pascua 
et al., 2009). 
The review of research reports of basins in central Mexico, 
and the thorough stratigraphic survey and initial 
paleoseismological studies made in some of these basins, 

showed us the need to introduce a new approach for the 
study of lacustrine sequences evolving in active tectonic 
scenarios. Such new approach is needed as an aid for 
distinguishing the effects of climate, anthropogenic 
activity, and earthquakes in the variations observed in the 
sedimentary record, for improving paleoenvironmental 
interpretations, and for strengthening paleoseismological 
studies made with conventional methodologies. We herein 
define Coseismic Stratigraphy (CS) as a branch of 
Stratigraphy focused on the study of marine, lacustrine or 
fluvial sequences in which the direct or indirect effects of 
earthquakes have modified the facies, the sedimentary and 
erosion rates, and in some cases also the geometry of the 
deposition center (Fig. 1). Applying CS requires previous 
knowledge about the geotectonic framework of the studied 
area and of the dominant sedimentary processes occurring 
in it, which allows for inferring the existence of tectonic 
effects and analyzing in situ sedimentary sequences, while 
also considering major environmental and sedimentary 
processes. 
Paleoseismology has proved the importance of considering 
local or regional seismic activity for studying the evolution 
of sedimentary basins affected by segments of active faults 
(Rodríguez-Pascua, et al., 2009), but paleoseismological 
studies are limited to a few columns and these columns 
rarely take into account changes in the exogenous 
processes of the basin generated by the earthquakes 
themselves. 
Assuming a lacustrine basin whose sediments were 
deposited within an active tectonic scenario, the CS 
approach would allow for generating a conceptual study 
framework that improves the selection and application of 
conventional limnological, stratigraphic, 
paleoenvironmental or paleoseismological methods in 
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order to reach more comprehensive results. The ultimate 
objectives of CS would then be to obtain a better 
interpretation of the evolution of a sedimentary basin in an 
active seismotectonic, and sometimes volcanic, scenario, 
and to generate additional information contributing to the 
extension of existing earthquake catalogs. 
 

 
 
Figure 1. Example of the effects of a coseismic rupture in 
a lake: the vertical movement of the rupture will modify 
the rate of erosion of uplifted unconsolidated sediments, 
modifying the sedimentation rates and the local 
distribution of facies. 
 
The effect on a lake of a coseismic rupture in an active 
tectonic scenario, schematized in Figure 1, has been 
inferred for Lake Pátzcuaro, Michoacán, because of 
available documentation of variations in its facies, 
sedimentation rates, and deformations that were caused by 
seismic events (Garduño-Monroy et al., 2010), and not 
only by climatic or anthropogenic variations. When an 
earthquake affects underwater lacustrine sequences in the 
process of consolidation, underwater slumps, 
microfaulting or liquefaction processes (Fig. 2) can take 
place, which corresponds to the scenario inferred for the 
Acambay paleobasin in the state of México (Rodríguez-
Pascua et al., 2009).   
 
 

 

Figure 2. Schematic representation of undulation/folding 
generated in lacustrine sediments during the displacement 
in these of seismic waves from moderate or high intensity 
earthquakes. Rising of water-saturated sediments above 
their resting angle can generate underwater slumps. 
 
The CS approach can be applied to all sedimentary basins 
developing in an active fault context similar to that in 
central Mexico. Few lacustrine sequences have continual 
(in time and space) seismic records and visible surface 
coseismic ruptures, because of which incorporation of CS 
to their study would allow for supplementing their seismic 
records. Additionally, the alterations in deposition due to 
seismic events can be studied by combining the use of CS, 
analysis of sedimentary records from seismic reflection 
profiles, and analysis of sediment core samples, in order to 
improve the estimated values of intensity, distance to 
epicenter, and recurrence intervals of historical 
earthquakes. Similar studies have been successfully made 
in the East African Rift (reference please) and in the 
Chilean Lake District (Moernaut et al., 2000). We expect 
that the inclusion of CS to future studies of sedimentary 
sequences from bodies of water in seismically active fault 
scenarios will make these to be conceived not only as 
records of climate and anthropic activity, but also as 
seismic records.  
 
LAKE PÁTZCUARO, MICHOACÁN, A CASE 
STUDY 
Local geological framework. –The Lake Pátzcuaro basin 
(19°35’N, 101°39’W; 2035 m a.s.l.) belongs to the 
Michoacán-Guanajuato Volcanic Field (MGVF) in the 
central TMVB and has tectonic and volcanic origins. Two 
main fault systems affect the basin with NE-SW and E-W 
directions. The basin encloses domes, shield and semi 
shield volcanoes, and scoria cones, , some of which (e.g., 
El Metate, Janitzio, El Estribo) exhibit the effects of 
gravitational or tectonic collapse (Garduño-Monroy et al 
2010).  
The older sediments in the region are pyroclastic products 
mixed with breccia, basaltic-andesitic lavas, and 
pyroclastic flows from the Miocene volcanic range Sierra 
de Mil Cumbres. This sequence is overlain by a series of 
volcaniclastic units and lacustrine Quaternary sediments 
which, according to Israde-Alcántara et al. (2005) consist 
of three units: 

1. Open water lacustrine deposits alternating 
diatomites and clay layers, silts and tephras with 
a probable age of 45,000 years (Fig. 3).   

2. Exposed lacustrine sediments due to a recent 
regression of the lake including a series of 
swamps, paleosols, and fluvial deposits of the 
Late Holocene with signs of the effect of human 
activity.  

3.  
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Figure 3. Diagram showing a selection of the studied columns in the Lake Pátzcuaro basin that display the effects of 
earthquakes. Lacustrine sequences with ages older than 20,000 years are strongly deformed (yellow).  

 
4. Over 2 m thick paleosols and modern soils 

classified as Andosol and Luvisol. 

The most recent volcanic activity is seen in the scoria cone 
and lavas of the La Taza volcano, which lifted the basin’s 
southern lacustrine sequences. Sediments show strong 
deformation and normal faulting, the top layers contain 
archaeological materials younger than 3000 years.  
 
Stratigraphy. –Figure 4 shows the location of several 
stratigraphic columns from different authors and the two 
more relevant sequences are described below. 
 
Jarácuaro 4. – Located in the island of Jarácuaro in the 
south of the basin, displays a ca. 3 m thick sequence of 
clayey slime sediments intercalated with at least four 
centimetric thickness layers of black and white volcanic 
ashes. The sequence is strongly deformed by faulting and 
folding with layers tilting to the south. Overlying this 
sequence with an erosive and angular discordance is a fine 
10 cm thick sand layer with low textural maturity and 
angular and accidental lithic, containing abundant 
ostracods, bivalves, fish and plant remains, and pottery 
from the Purépecha Postclassic period. This layer was 
associated to a tsunami deposit linked to the 1858 
earthquake. The sequence is topped by a series of clayey 
slime layers deposited during the regression of the lake 
and by recent soil formation. Its older age was determined 
at 23,550 years BP  
 
Column I. – Described by Metcalfe et al. (1994) and 
located inside the lake in the northern part of the basin, it 
shows a series of organic matter rich deposits dated at their 
base to 23,000 years BP, followed by a series of diatomite 
and slime layers intercalated by three strata containing 
abundant ostracods, and finally, by reworked deposits of 
recent age.  
 
Application of Coseismic Stratigraphy  
Two large deformed lacustrine sequences are obvious 
along the southern sector of Lake Pátzcuaro (Urandenes, 
Uricho, and Jarácuaro). The oldest of these sequences –
over 20,000 years old– display a severe deformation style 
of listric faults, inverse faulting, and reclined folds, all 
structures that may be associated to the lifting of the island  
 
 
 
of Jarácuaro and in correspondence with the 28,000 years 
old landslide of the El Estribo volcano (Garduño-Monroy 
et al 2010). The uplift caused the unconsolidated littoral 
lacustrine sequences to become exposed to meteoric 
agents, therefore presenting high erosion and 
sedimentation rates. Uplift of the Jarácuaro block changed 
the geometry of facies in the south of the lake (Fig. 1). 
Sequences from the Holocene and Recent were affected by 
normal faulting – in Jarácuaro forming the Jarácuaro-
Pátzcuaro graben that generated relative uplift during the 
Postclassic period (900-1325) – cutting through sediments 
containing Pre-Hispanic pottery. Such uplift has been 
associated with the Purépecha word jarácuaroque, 

meaning place that appears. In consequence, a mere 
stratigraphic approach as commonly applied until our 
proposal of the CS approach is shown to be insufficient for 
interpreting the geological and environmental history of 
the basin.  
 
In Figure 4 we schematize the interpretations of a 
conventional stratigraphic and sedimentological study 
using sediment core samples, and a study applying 
Coseismic Stratigraphy (CS). In the first stratigraphic unit, 
inverted ages would be observed when dating reclined 
folds. If deformation of unconsolidated sequences exposed 
these friable sediments, an important angular discordance 
and a change in erosion and deposition rates would be 
appreciated. In the upper part of the column, sequences 
became tilted by the normal faults of an earthquake that 
occurred after the Classical period, so that the younger 
sequences in the lake would exhibit changes in erosion and 
deposition rates, reworked facies, sediments, and 
microfauna, and, in some cases, inverted ages. 
Interpretation of a core based only on conventional 
stratigraphy is partial, while an interpretation using data 
from a paleosesimic trench and the CS approach reveals a 
more complete record.  
 

 
 
Figure 4. Schematic representation of a hypothetical core 
and possible interpretations using conventional and 
coseismic stratigraphic approaches (A) using data from a 
paleosesimic trench dug in the island of Jarácuaro (B). A 
single core would provide a partial history of events in the 
basin; for example, horizontal slumps and normal faults 
are not evident in the hypothetical core.  
 
 
Discussion 
Application of the CS approach allowed for a more 
comprehensive reinterpretation of the evolution of Lake 
Pátzcuaro basin in a scenario combining high volcanic and 
tectonic activities. Based on paleoseismological, 
stratigraphical, archaeological, and geophysical data from 
the basin, we clearly recognized lacustrine sequences 
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dated between 10,000 and 45,000 years BP that were 
affected by seismic events. These data provided 
stratigraphic columns evidencing in time and space the 
occurrence of a series of seismic events, the most recent of 
which was dated after the Classical period, and a later one 
possibly associated with the 1858 earthquake. A 
reconstruction based on paleolimnology, climate changes, 
or other proxies would fail to reveal in its columns the 
effects of endogenous events (earthquakes). For instance, 
liquefaction could be wrongly interpreted as bioturbation 
or as deposition of coarser structures, variations in 
deposition rate could be due to seismic ruptures (e.g., 
lifting in Jarácuaro exposed to erosion an extensive area of 
lacustrine sediments), and normal faulting is difficult to 
identify in conventional studies based on obtaining cores 
because they are vertical processes in parallel with the 
plane of faults.  
The CS approach can be applied to lakes in other parts of 
the TMVB (e.g., Juanacatlán, Zacoalco, and Chapala in 
Jalisco, Santa María in Nayarit, Ixtlahuaca and Chalco in 
State of México, etc.), or to basins in active tectonic 
regimes in other countries and continents (e.g., Venezuela, 
Ecuador, Colombia, Bolivia, Peru, and Chile in South 
America, and the East African Rift), even if they were 
alpine. CS application is supported by its proven potential 
for improving interpretations of sedimentary records in 
tectonically affected basins (Langridge, 1998), which is 
due to not only considering climatic and anthropogenic 
factors as responsible of variations in erosion and 
deposition rates, in facies, or in geochemical conditions, 
but also considering the primary and secondary effects of 
earthquakes.  
Our research team believes that it is now important to 
make future studies in the opposite direction, i.e., to prove 
that deformations and primary structures can occur that are 
unrelated to earthquakes, but rather to sedimentary, 
climatic or anthropological processes. 
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Abstract The Gatún fault, a primary east-west structural feature in central Panama, has a strong geomorphic signature that can 
be readily observed in aerial photographs and digital elevation models.  The fault forms an abrupt southern margin to the Sierra 
Maestra Mountains, and all rivers and streams that cross the fault are affected at the fault crossing. Most large rivers are left-
laterally deflected, and all streams that cross the fault have a 1- to 2-meter, and locally as high as 5-meter near-vertical nickpoint 
at or immediately upstream of the fault.  Paleoseismic trenching of the Gatún fault east of Gatún Lake has shown that this fault 
has experienced at least two, and possibly three, surface-rupturing earthquakes since 1490 AD.  Based on 3-D trenching of a 3 ka 
channel thalweg that is offset 19-20 m, the left-lateral slip rate on the Gatún fault is 6-9 mm/yr with a maximum of 20% north-
side up normal slip, and the most recent earthquake (possibly in 1849 AD) generated at least 0.7+0.2 meters of left-lateral surface 
offset that apparently went unnoticed at the time.  Our best estimate is that this 40 km segment of the Gatún fault has a 
recurrence interval of ~M6.8 earthquakes every 100-170 years based on the last three events, but if the fault is capable of multi-
segment, less-frequent ruptures, the earthquakes could potentially be as large as M7.4 if the entire 120 km fault were to rupture.  
We suspect, but cannot prove, that triggered slip resulted in soil fracturing on the Gatún fault during the 1991 M7.6 earthquake on 
the North Panama Deformed Belt off of Bocas del Toro.   These findings are important for the seismic stability analysis of the AD 
1913 Gatún Dam across the Chagres River, one of the most critical structures in the Panamá Canal.   
  
Key words: Paleoseismology, neotectonics, Panamá, seismic hazard 
 
INTRODUCTION 
As part of studies for the seismic hazard assessment for 
the Panama Canal Expansion Project, extensive 
geological studies were completed for several 
prominent faults within the east-central part of the Canal 
watershed (ECI 2005, 2006, 2007, & 2008).  These faults 
(Fig. 1), previously assumed to be inactive, were instead 
all confirmed to have experienced multiple, Holocene-
age, surface-rupturing earthquakes.  
 

 
 
Fig. 1: Holocene fault map of Central Panamá and the 
Panamá Canal area, based on recent investigations (ECI 
2005, 2006, 2007, & 2008).  The circled T indicates sites 
where 3-D paleoseismic studies have been conducted. 

The Limón and Pedro Miguel faults were both shown to 
have produced three large earthquakes in the last 1500 
years, and ruptured together in a 3 m event as the 1621 
AD Panamá Viejo earthquake (Rockwell et al., 2010b).  
The Azota and Miraflores faults were also both 
confirmed as Holocene structures (ECI, 2006). This paper 
summarizes the geomorphic mapping and paleoseismic 
trenching investigation for the Gatún fault at the 
location shown on Fig. 1. 
 
The Gatún fault trends generally east-west across the 
southern margin of the Sierra Maestra mountain range 
separating the dominantly Mesozoic igneous rocks to 
the north from Cenozoic sedimentary strata to the south 
(Fig. 2).   The fault extends east as far as the San Blas 
Islands for a total length of 100-120 km, and may extend 
another 100 km west of Gatún Lake along a prominent 
lineament.  No historical earthquakes are associated with 
the Gatún fault, but its westward extension places it less 
than 10 km from Gatún Dam and Locks, the major 
structure across the Chagres River that allows the Canal 
to function.  As such, understanding and mitigating its 
seismic hazard is critical to the Canal’s future operations. 

Fig. 2: DEM terrain model showing the spectacular 
geomorphic expression of the ~E-W trending Gatún fault 
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(red arrows) across the southern front of the Sierra Maestra 
range. 
A tectonic geomorphic strip map was prepared of the 40 
km segment of the fault between Gatun Lake, east to the 
Chagres River (Fig. 1) (ECI, 2005). On the ground, the 
surficial geomorphology is equally spectacular with all 
drainages across the fault left-laterally deflected, stream 
knickpoints, and small scarps across fan surfaces.  The 
smallest left-lateral deflection observed was ~2 m, with a 
0.5 m vertical scarp, while the largest was ~150 m with a 
scarp over 10 m high (Figs 3, 4, & 5).   
 

 
 
Fig. 3: Stream deflection of ~2 m left-lateral across the 
Gatún fault.  This deflection is uphill to the regional drainage 
(to the left in the photo). 
 

 
 
Fig. 4: Left-lateral stream deflection of ~150 m (well outside 
the photo view) across the Gatún fault east of Gatún Lake.  
An increased deflection of larger rivers is an indicator of 
progressive tectonic offsets.  
 

 
 
Fig. 5: Sharp stream deflection (blue lines) of ~10 m left-
lateral across the Gatún fault east of Gatún Lake.  Terrace 
risers (purple lines) are offset 15 m.  Exposed in the terrace 
deposits is a piece of pottery (Fig. 6). 
 

 
 
Fig. 6: Large pottery fragment exposed ~1 m below the 
surface, lying on top of a buried paleosol within the offset 
terrace deposits.  Assuming that such pottery was first 
found in Panamá <2500 years ago, its presence 
incorporated into the abandoned terrace surface indicates 
that it has been offset equivalently to the terrace riser, 
yielding a 6-9 mm/yr slip rate. 
 
The clear presence of youthful tectonic geomorphic 
features, the increased deflections of larger rivers over 
smaller streams indicating a temporal progression of 
offsets, and the potential for a 6-9 m/yr slip rate were 
dramatic findings for an assumed inactive fault.  A 
paleoseismic trenching study was authorized to confirm 
the geomorphic observations and collect data on slip 
rate, event recurrence, displacement magnitudes, and 
slip kinematics. 
 
INVESTIGATION 
Based on the strip map and field reconnaissance, several 
locations were considered for the trenching study.  
Shallow groundwater was a constraint at the site in Fig. 
3, while site access was a constraint at the pottery site 
(Figs. 5 & 6).  A site about 300m east of Fig. 4, and 
geomorphically similar to the Fig. 5 site, was chosen for 
the trenching study (Figs. 7 & 8).  At this site, the primary 
objective was to determine a Holocene slip rate by 
accurately measuring the offset and determining the age 
of a channel that had been left-deflected ~20 m across 
the fault. 
 

 
 
Fig. 7: Site of the 3-D trenching study of the Gatún fault.  A 
stream enters the fault from the left of the image, and its 
former channel margin (rising from the T-1 location) has 
been translated 19-20 m leftward across the fault. The 
modern channel exposed in T-3 has recently been captured 
to the right, into the large river system shown in Fig. 4. 
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Fig. 8: Map of the principal trenches.  T-1 was emplaced to 
constrain the long-term slip rate, T- 4 & 5 were dug to look 
for secondary entry and exit channels, and T-3 focused on 
the youngest event chronology and kinematics.  Primary 
(blue) contours are meters. 
 

 
 
Fig. 9: Trenching parallel to the fault (red line) to look for 
younger channels that would indicate smaller offsets to help 
confirm the long-term slip rate calculated from the Trench T-
1 offset of the ~3 ka basal sediments (Fig. 10).  No 
additional channels were found. 
 

 
 
Fig. 10: Offset alluvial deposits against the weathered 
bedrock as exposed in Trench T-1. Undated colluvial and 
alluvial units cap the fault within the uppermost 75 cm of the 
trench exposure, but upslope fractures (not shown) 
penetrate to the original ground surface.  Grids are 1.0 m 
horizontal and vertical. 
 
A charcoal sample collected from within the basal 
cobbles of T-1 (Fig. 10) yielded an age of 3155±35 ybp 
and a second sample 2730±35 ybp was obtained 1.5 m 
higher.  We interpret these cobbles to represent when 
the stream first penetrated across the fault, and thus this 
represents the total fault offset since that time.  Based on 
the 19-20 m left-lateral offset of the channel margin from 
its piercing point entry across the fault, and the absence 
of any other entry or exit channels, we conclude that the 
entire separation is due to fault offset.  

 

 

 
 
Fig. 11: Photo mosaic (upper) and graphic log (lower) of the 
eastern wall of Trench T-3 (see Fig. 11) showing the 
youngest alluvial deposits incised post-capture into the 
older (1-3 ka) deposits.  Based on stratigraphic fault 
terminations, we interpreted 3 events within these 500-year 
deposits, with the last event potentially in 1849 AD.  
Charcoal within fractures that penetrate almost to the 
ground surface yielded post-1950 AD radiocarbon dates, 
from which we infer a potential (small) triggered slip event 
from the M7.6 1991 Limón (Costa Rica) earthquake on the 
North Panama Deformed Belt. 
 

 
 
Fig. 12: Hand excavation of small trenches into the eastern 
bench of Trench T-3 allowed us to define and measure the 
fault displacement for the most recent (blue flags) and 
penultimate (yellow flags) events based on the offset of 
discrete channel margins. The MRE was measured at 
0.7±0.2 m and the penultimate event a cumulative 1.4±0.3 
m.  The ~500 year third event was displaced beyond the 2 
m exposure afforded by the bench.   
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Based on the geomorphic expression of the terrace riser, 
and the elevation of the base of the alluvial cobbles and 
the upstream channel thalweg, the vertical separation 
across the fault is about 3-4 m in 3 ka, or 15-20% of the 
~20 m left-lateral horizontal displacement. 
 
An event chronology was obtained from the youngest 
sediments exposed in T-3, incised into the 3 ka older 
alluvium.  These deposits were radiocarbon dated at 
~1460 AD at the base, up to about the mid-1800s.  Three 
events were interpreted based on stratigraphic 
terminations of fault tips, with the last two events 
accurately measured at ~0.7 m left-lateral per event, and 
the most recent event possibly 1849 AD.  Modern-dating 
charcoal was obtained from a fissure that cut across all 
other strata, from which we infer a more recent small 
surface cracking, potentially triggered slip from the 1991 
Limón event on the North Panama Deformed Belt. 
 
DISCUSSION 
The Gatún fault has been shown to be a significant 
seismic hazard to central Panamá and the Panamá Canal.  
Based on detailed paleoseismic investigations, it has a 
late Holocene (3 ka) slip rate of 6-9 mm/yr, and has 
generated three surface-rupturing earthquakes of ~0.7 
m left-lateral offset each in the past 500 years, Three 
events in 500 years averages 167 years.  But, the most-
recent event is clearly historic, possibly 1849 AD, or 166 
years ago.  Subtracting that time since the 1849 AD 
event from the ~500 year oldest determined event, 
leaves 334 years into which to squeeze three events.  
Assuming the oldest event occurred exactly 500 years 
ago leaves two additional events in 334 years, or 167 
years between events.   
 
But, for a 40 km fault, 0.7 m displacements (M6.8) seem 
small.  It is possible that these last three events are the 
tip of a seismic cluster, and the 166-year recurrence 
interval is abnormally short.  Using the 20-meter 
displacement of the 3 ka channel in T-1, and 0.7 m 
events, requires ~30 similar events with a recurrence of 
100 years, or a few larger events. No matter how the 
numbers are examined, this is a fault that is near its 
seismic recurrence, based on the last three ruptures. 
 
Lastly, it is not yet clear how significant a role the Gatún 
fault plays in the overall tectonic deformation of 
Panamá, but Fig. 13 shows a possible 20 km 
reconstruction of the principal mountain ranges of 
central Panamá along the Gatún fault and an additional 
80+ km westerly extension.  This model, incorporated by 
Rockwell et al., (2010a), restores the two mountain 
ranges, explains the lowlands now forming Gatún Lake, 
fills in the basin now bounded by the Limón fault, and 
extends the Gatún fault well to the west into the interior 
of Panamá.  Obviously earthquake ruptures larger than a 
M6.8 are a possibility. 
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Fig. 13: 20 km displacement reconstruction of central 
Panamá by retro-deforming along the Gatún fault.  At 6-9 
mm/yr, this displacement would require 2-3 Ma, almost 
exactly when Panamá is thought to have sealed the gap 
between the Pacific and the Atlantic Oceans at the 
beginning of the Pleistocene. 
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Abstract: At the northern boundary of the Wind River basin, the Stagner Creek fault is one of several ENE-WSW striking 
Quaternary faults in central Wyoming.  In order to understand the structural context of this fault, this study combines a 
reassessment of the morphology of the Stagner Creek scarp along with an initial view of its shallow subsurface structure.  New 
geomorphic analyses were facilitated by micro-topographic surveying using RTK GPS that provides higher resolution constraints 
on the scarp morphology.  Apparent correlation of scarp slope and relative age suggests that the scarp results from folding, rather 
than surface faulting. Shallow seismic reflection profiling suggests a steep, north-dipping fault coincident with the surface scarp.  
Throw across the fault is approximately 10-15 meters, and the tip line of the fault is at 60-100 meters depth.  These results suggest 
a new tectonic scenario involving possible reactivation of an inherited, Laramide-age structure. 
 
Key words: Wind River Basin, neotectonics, seismic reflection profile, fault scarp  
 
 
Although intraplate seismicity is typically less prominent 
than along plate boundaries, moderate earthquakes 
within these regions often pose risk to infrastructure that 
were not necessarily designed with the hazard in mind.  
In recent times, the hazard is further complicated by 
anthropogenic activities such as waste water injections 
that can induce seismicity in relatively seismically 
quiescent areas (e.g., Seeber et al., 2004; Keranen et al., 
2014).  To that end, understanding styles and kinematics 
of intraplate deformation such as the role of inherited 
structures, is needed for refining and improving our 
understanding of continental tectonics and associated 
intraplate earthquake hazard.  This study presents a 
reassessment of late Quaternary deformation along the 
northern margin of the Wind River basin of Wyoming. 
 
The Wind River Basin encompasses an area of about 
13,600 km² in central Wyoming.  Major structural 
elements in central Wyoming include broad and deep 
basins and asymmetric anticlinal uplifts that formed 
primarily during the late Cretaceous-early Tertiary 
Laramide Orogeny.  The basin has a long history of 
hydrocarbon production (e.g., Nelson et al., 2008).  The 
basin is bounded on the west by the Wind River Range, 
along the north by the Owl Creek Mountains, along the 
east by the Caspar Arch, and on the south by the Granite 
Mountains (Figure 1).   
 
Active seismicity demonstrates that the region is 
tectonically active, and prior neotectonic studies have 
identified active and suspected active faults located 
within central Wyoming, capable of generating 
magnitude 6.5 – 7.1 earthquakes (Geomatrix, 1988).  
Around the Wind River basin, Quaternary faults are 

expressed as discontinuous scarps often within late 
Pleistocene alluvial surface and typically aligned with the 
Owl Creek Mountains to the north and the Granite 
Mountains in the south (Machette et al., 2001).   
 
Field work for this study focused on a section of the 
Stagner Creek Fault, bounding the northern Wind River 
Basin and the Owl Creek Mountains proximal to the 
Boysen Reservoir (Figure 1).  In the study area, 6 late 
Quaternary alluvial surfaces are identified, all lying at 
elevations between 1,510 m and 1,540m.  Alluvium is 
relatively thin, and locally, Paleogene Wind River 
Formation outcrops.  The alluvial surfaces have regional 
slopes of 1.5 – 2 degrees and the scarp faces have 
modesty shallower slopes of 2.5 - 7 degrees.  Preliminary 
age constraints are provided by correlation of soil 
development with late Pleistocene interglacial periods 
(Geomatrix, 1988).  The Stagner Creek scarp is well 
expressed on Q1 through Q4 and not clear on Q5 and Q6 
(Figure 1).   
 
Topographic mapping and measurement were 
accomplished using a real time kinematic (RTK) Global 
Position System (GPS) surveying.  In particular, an area 
350 meters long and 500 meters wide was mapped for 
general topography with points acquired approximately 
every 2 meters.  More detailed profiles were measured 
across the scarps with 1 meter posting on alluvial 
surfaces and half meter spacing across the scarp faces.  
Across each surface, at least two profiles were measured.  
Example profiles for each of the surfaces are shown in 
Figure 2. 
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Scarp morphologic parameters were calculated from the 
profiles (Table 1).  Consistent with the relative age, older 
profiles demonstrate progressively higher scarps.  This 
suggests that scarps in older surfaces are likely 
composite features formed by multiple events.   Longer 
scarp faces also correspond with older surfaces, and the 
scarp profile in the Q1 surface shows possible indications 
of a segmented face.  Additionally, the scarp inflection 
(i.e., the angle between the alluvial slope and scarp face) 
also increase with age. 
 
Initial interpretations of the scarps as results of surface 
faulting permit quantitative assessment using fault scarp 
degradation models (e.g., Colman & Watson, 1983; 
Hanks, 2000).  Such degradation models assume 
diffusive mass transport (e.g., sheet wash) and predict 
that the maximum slope angle, which ideally occurs at 
the inflection point in the scarp profile, will decrease 
with age.  Increased scarp face length is also predicted 
by these models.  One relatively straightforward 
approach involves the scarp height, regional surface 
slope, and the maximum scarp angle -- the analytic 
solution is derived by solving a 1-dimensinoal diffusion 
equation (Colman & Watson, 1983).  A mass diffusivity 
parameter is required to calculate a numerical age; such 
parameters typically reflect a combination of erodibility 
of the surficial material and climatic constraints on mass 
transport.  Lacking local constraints, a mass diffusivity 
value of 1.1 m2/ka reported for the Basin and Range 
(Hanks, 2000) may be appropriate for the study area.  

Regardless, an incorrect diffusion term will result in a 
systematic error for the absolute ages – the relative ages 
should still be valid. 

Fig. 1: Map of the Birdseye Creek area along the Stagner Creek fault.  Q1-6 denote alluvial surfaces.  WRF = Wind River 
Formation.  Black box outlines area of detailed topographic mapping.  Heavy black lines indicate topographic profiles shown 
in Figure 2  Seismic profile concides with topographic profile in Q3 surface..  Hachured line denotes the scarp. 

Fig. 2: Topographic profiles across the Stagner Creek 
fault scarp (see Figure 1 for locations).  Horizontal 
position denotes distance relative to scarp midpoint.
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The applicability of fault scarp degradation models to 
the scarps along the Stagner Creek fault is called into 
question by the observation of increasing scarp face 
inflections for older alluvial surfaces – this is counter to 
predictions of the models, even if one considers more 
complicated fault scarp degradation models that 
account for multiple faulting events.  Consequently, ages 
calculated from diffusion modelling predict a relative 
order that is inconsistent with geomorphic positions:  
 

 The Q1 scarp (the oldest and highest surface) 
demonstrates the youngest degradation-based 
age of 35 – 55 ka. 

 The Q2 scarp has a degradation age of 45 – 65 
ka. 

 The Q3 & Q4 scarps exhibit degradation ages of 
65 – 90 ka. 

 
Given the inconsistency between landscape position and 
modeled relative scarp ages, we, thus, conclude that the 
fault scarp degradation modelling is probably 
inappropriate for this case. 
 
Owing to the relationship between age and scarp angle, 
we suggest an alternative interpretation that the scarps 
result from folding of the alluvial surfaces rather than 
faulting and displacement.  Such a fold scarp model 
suggests that older surfaces have steeper faces than the 
younger, owing to the progressive amount of tilting.   
Using the previously reported soil-correlation ages 
suggests that rates of surface warping range from 0.03 to 
0.1 degree/ka. 
 
A shallow seismic reflection profile was acquired across 
the scarp with the aim of constraining the shallow 
geometry of the controlling fault.  In order to insure the 
fault geometry was captured in the seismic imaging 
across, the seismic line was ~420 meters long, trending 
NNW on the Q3 alluvial surface.  The spacing between 
geophones was 2 meters, and 104 geophones moved 
four separate times along the seismic line in a ‘rolling 
spread’ configuration.  A Betsy gun provided the seismic 
source (single shot load of 400 grains of black powder), 
with a total number of 36 shots and 6 meters spacing 
between each shot.   
  
Data processing was accomplished using Visual-SUNT 
(http://www.wgeosoft.ch). Raw waveforms were filtered 
using a bandpass filter with cut-off frequencies at 15 Hz 

and 25 Hz.  Additionally ground roll was muted after 
identifying it with velocities around 100 m/s and linear 
move-out.  Seismic stacking velocities were estimated by 
analyzing travel-time plots for selected shot locations at 
the beginning, middle, and end of the profile.  From the 
first breaks in slopes of the travel-time plots, the depth 
to the alluvium-bedrock (Wind River Formation) 
interface was estimated based on the offset.  Using the 
dip of the interface (estimated at 8 degrees), the true 
seismic velocity was then calculated from dip move-out 
to be approximately 2,500 m/s. This seismic velocity was 
used to stack the seismic sections and depth-convert the 
final seismic reflection profile (Figure 3). 
 
The seismic line crosses the scarp around CDP 140 
(Figure 3), where the seismic profile also shows 
discontinuous reflectors at depth.  This break in 
reflectors is interpreted to be a fault dipping 
approximately 70 degrees toward the north (high angle 
reverse fault).  Furthermore, the fault appears to be 
blind, as it does not offset the uppermost reflector in the 
seismic profile.  Throw across the fault is estimated to be 
11-15 meters, with a fault tip located at depth 
approximately 60-100 m.  In addition to the fault that 
projects to the surface scarp, other faults are visible in 
the subsurface.  Since these lack apparent surface 
expressions, we believe these are likely relict, Laramide-
age structures. 

 

 Age (kybp) Slope (deg.) Scarp Angle (deg.) Scarp Height (m) Inflection (deg.)
Q1  2.0 6.5 – 7.0 2.1 – 2.2 4.5 – 5.0 
Q2 30 - 60 1.5 – 2.0 4.5 – 5.0 1.4 – 1.5 3.0 – 3.5 
Q3 15 -40 2.0 3.0 0.5 – 0.6 1.0 
Q4 8 - 20 2.0 2.5 0.25 - 0.3 0.5 
Q5 1 – 7 n/a n/a n/a n/a 
Q6 < 1 n/a n/a n/a n/a 

Fig. 3: Shallow seismic reflection profile.  The surface 
scarp corresponds with CDP 146.  

Table 1.  Alluvial surface ages (Geomatrix, 1988) and corresponding scarp parameters from topographic profiles: 
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Combining the interpretation of the fold scarp with the 
associated fault imaged by seismic reflection profiling, 
we thus suggest that the scarp along the Stagner Creek 
fault near Boysen Reservoir is a consequence of folding 
above a shallow, but blind, reverse fault dipping toward 
the north (Figure 4).  Surface morphology and seismic 
reflection imaging document that the fault has a 
component of reverse slip, but we are unable to 
ascertain whether or not there is a component of strike-
slip.  Currently, there is a paucity of geodetic and 
seismological indicators of present-day strain in the 
Wind River Basin for comparison.   The scarp trend is 
similar with Laramide structures in the Owl Creek 
Mountains (Keefer, 1970).  Therefore, we suggest that 
the active fault likely represents a reactivated, inherited 
structure.   
 
This interpretation of blind faulting suggests that the 
scarp is more warped than degraded – consequently, 
this the site is not ideal for paleoseismic trench 
investigations owing to minimal deposition along the 
fault.  Despite that limitation, the scarp morphology 
provides some approximate constraints on the local 
earthquake potential.  In particular, if the uplift and 
warping of the Q4 scarp is assumed as a consequence of 
a single earthquake event, then the composite scarps in 
the Q1 surface and Q2 surfaces may represent the effects 
of 8 and 5 paleo-earthquakes, respectively, assuming a 
characteristic earthquake recurrence model.  Using the 
approximate age of the Q2 surface (30 ka to 60 ka) would 
imply an average recurrence time of 6,000 to 12,000 
years.  Owing to the very shallow depth of the fault tip, 
uplift of 0.3 m is approximately equivalent to the throw 
on the fault.  Using earthquake magnitude scaling 
relations (Wells & Coppersmith, 1994), the possible, 
single-event uplift of 0.3 m corresponds with an 
earthquake of approximate magnitude 6.4 – 6.7 -- this is 
also consistent with the 27 km length of the Stagner 
Creek fault.  These interpretations of earthquake 
potential are similar to prior assessments of the Stagner 
Creek fault (Geomatrix, 1988). 

  
It is important to note that this is a single location along 
the 27-km-long Stagner Creek fault, and it is possible the 
fault may daylight at other locations.  Future directions 
for study of the Stagner Creek fault should include more 
geophysical investigations to improve the seismic 

velocity control (e.g., using seismic refraction methods), 
as well as additional seismic reflection profiling to 
constrain the subsurface fault geometry in both strike 
and dip (is it consistent with the surface scarp trend?).  
Furthermore, advances in Quaternary geochronology 
(e.g., exposure dating) have the potential to refine the 
ages of the geomorphic surfaces considerably. 
 
In conclusion, these preliminary results do not 
substantially change the earthquake potential from 
previous estimates.  On the other hand, the new 
structural interpretation related to the Stagner Creek 
scarp may contribute to future earthquake hazard 
assessments, particularly for efforts in which existing 
geometry may play a role in considering the effects of 
changes in crustal stress that may result from other 
earthquakes or anthropic activities. 
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Abstract: In the central North Island of New Zealand lies the intra-arc Taupo Rift, where crustal extension is achieved through a 
combination of dike intrusion and normal faulting. In the southern Taupo Volcanic Zone, the Tongariro volcanic complex lies in 
the here defined Tongariro Graben, between two regional and parallel NNE-oriented active normal fault sets; the Waihi and Poutu 
fault zones. This study presents an analysis of the movement associated with the Waihi and Poutu faults between 200 and 1.72 ka. 
We evaluated the time-variant movement associated with these fault zones by measuring vertically displaced geomorphic 
surfaces over 227 strands and field exposures. The Waihi and Poutu faults have a mean slip-rate of 2.6 and 2.3 mm/yr, 
respectively, and are capable of producing a Mw 7 earthquake. A better understanding of the kinematics and evolution of these 
faults will help improve the seismic and volcanic hazard assessment in the Central North Island. 
 
 
Key words: Paleoearthquake history, Waihi and Poutu fault zones, slip-rates, Tongariro Volcanic Centre, New Zealand. 
 
 
INTRODUCTION 
 
Extension in volcanic rift zones is reflected by a 
combination of normal faults, extensional fissures and 
dike intrusions (McCalpin, 1996). In the here defined 
Tongariro Graben, crustal extension started at ~ 0.5 Ma 
(Villamor and Berryman, 2006). Two NNE-oriented 
parallel fault zones in the rift axis accommodate most of 
the extension in this area, and bound the western and 
eastern flanks of Tongariro volcano; the Waihi and Poutu 
faults, respectively. 
 
We aim to quantify the spatial and temporal variability of 
extension of these fault systems. We further aim to 
improve seismic and volcanic hazard assessments in the 
region, since the Waihi and Poutu faults represent a 
significant component of the present seismic potential 
of active faults in the region (Lecointre et al., 2004; 
Villamor and Berryman, 2006).  
 
GEOLOGICAL AND STRUCTURAL SETTING 
 
The Taupo Volcanic Zone is a NNE-trending Quaternary 
volcanic arc located in the North Island of New Zealand 
and associated with a crustal extension regime created 
by slab rollback (Seebeck et al., 2014) and fore-arc 
clockwise rotation of the NNE-SSW Hikurangi Trench, 
where the Pacific Plate subducts below the Australian 
Plate (Wallace et al., 2004). Faults within the volcanic arc 
define the intra-arc Taupo Rift (Acocella et al., 2003; Fig. 
1). 
 
The Tongariro volcanic complex is a NNE-aligned 
andesite volcano complex, with vents aligned along the 
same strike as the Tongariro Graben axis (Topping, 1973; 
Rowland and Sibson, 2001; Villamor and Berryman, 2006; 
Fig. 1). The complex includes more than 17 overlapping 

vents that have produced hundreds of eruptions over 
the last ~300 ka (Topping, 1973; Cole, 1978; Hobden et 
al., 1996; Gamble, et al., 2003). Extension (strain) 
direction in the Tongariro area has an ESE-WNW 
direction (ca. 110˚), as suggested by the trend of active 
faults and dikes (Rowland and Sibson, 2001). 
 

 
Fig. 1: Location map of the Tongariro Graben in the southern 
Taupo Rift (B) in the North Island of New Zealand (A) showing the 
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regional geology, main volcanic vents and the Waihi and Poutu 
fault zones (offsets marked with black and green dots). Active fault 
scarps marked in red, inferred scarps marked with red dashed lines 
and possible scarps marked in black. 17 transects are marked with 
white lines. Field points marked with purple dots. The fault planes 
are plotted in stereographic (lower hemisphere) projection and 
superimposed rose diagrams of fault strike frequency (right-hand 
rule).  
 
 
METHODOLOGY 
 
We measured fault geometry (azimuth and dip), 
movement sense, fault displacements with field 
measurements (Fig, 2), and geomorphic analysis of the 
faults using ArcGIS on a 2 m resolution Digital Surface 
Model (S. Ashraf, methodology described in Gómez-
Vasconcelos et al., 2016). We traced 117 profiles across 
the Waihi Fault zone and 110 across the Poutu Fault 
zone, perpendicualr to the fault strands, at locations 
where the faults displace geomorphic surfaces of known 
ages. The age of stratigraphic markers and geomorphic 
surfaces provided a broad age control of vertical fault 
motion. Vertical displacements were converted to net-
displacement to calculate net faults slip-rates, following 
the methods described by Villamor and Berryman (2001 
and 2006). 
 
In order to calculate seismic hazard, earthquake moment 
magnitudes (Mw) were calculated using a fault-scaling 
relationship developed for the Taupo Volcanic Zone 
(Villamor et al., 2007; Stirling et al., 2012), based mainly 
on the surface-rupture length (Mw = 4.80 + 1.33 × log 
[subsurface rupture length]). Fault lengths were 
measured in this work, based on fault displacements, 
geomorphology and field observations. For fault width 
we assumed a 15 km-thick seismogenic crust, as 
suggested on previous seismic studies (Hurst & McGinty, 
1999; Hayes et al., 2004; Stirling et al., 2012). 
 
THE WAIHI AND POUTU FAULT ZONES 
 
The Waihi Fault Zone is an active NNE-oriented normal 
fault set at the western side of the Tongariro complex, 
downthrown to the ESE (Grindley, 1960; Van Dissen et al., 
2003). The zone comprises 19 parallel fault strands and 1 

antithetic fault, with an average strike of 055. The Poutu 
Fault Zone, at the eastern side of the Tongariro complex, 
is downthrown both to the SE and to the NW (Van Dissen 
et al., 2003), and comprises 23 fault strands, with an 
average strike of 041 (Fig. 1). 
 

 
Fig. 2: Field outcrops from the Poutu Fault. A, Tonga 11:  normal 
fault displacing the Pahoka and Okupata-Pourahu tephras. B, 
Tonga 77:  Normal fault (F2b) displacing the Okupata-Pourahu 
tephras (11.77 cal ka BP; Hajdas et al., 2006). 
 
 

Waihi Fault                  
Transect # (age)

 Total offset*    
 (sum all)

    Vertical      
 sl ip-rate   

(mm/yr)

  Total offset* 
(sum all except 

antithetic)

    Vertical      
 sl ip-rate   

(mm/yr)
Transect 15 (12 ka) 3±1.3 (1c) 5±1.5 (3b) 5±1.5 (4d) 11±2.1 (6b) 24±3.5 2±0.4 24±3.5 2±0.4
Transect 10 (20 ka) 3±1.3 (1a) 4±1.4 (1b) 5±1.5 (2a) 8±1.8 (3a) 55±6.5 (5a,200ka)      22±3.2 (6b, 200 ka) 28±3.6 1.39±0.2 28±3.6 1.39±0.2
Transect 12 (22 ka) 3±1.3 (2a) 5±1.5 (3b) 15±2.5 (3b) 12±2.2 (4b) 69±5.6 3.12±0.25 69±5.6 3.12±0.25
Transect 11 (25 ka) 10±2 (2a) 16±2.6 (3b) 20±3 (5a) 15±2.5 (5a) 61±5.1 2.44±0.32 61±5.1 2.44±0.32
Transect 16 (40 ka) 16±2.6 (1d) 45±5.5 (3b) 28±3.8 (6b) 33±4.3 (6c) 11±2.1 (2) 27±3.7 (3) 160±9.4 4±0.32 160±9.4 4±0.32
Transect 13 (52.6 ka) 37±4.7 (3b) 5±1.5 (4b) 8±1.8 (4c) 40±5 (5a, 40 ka) 102±8.1 1.95±0.2 102±8.1 1.95±0.2
Transect 14 (59 ka) 22±3.2 (1c) 30±4 (3b) 173±10.9 3.18±0.3 173±10.9 3.18±0.3
Transect 17 (85 ka) 73±8.3 (1d) 61±7.1 (3b) 206±12.8 3.07±0.5 149±11.5 2.47±0.47
Mean slip-rate 2.6±0.9 2.6±0.8

Transect 5 (15 ka?) 25± 3.5 (1a) 25±3.5 (1b) 12±2.2 (1b) 10±2 (2c) 12±2.2 (2c) 5±1.5 (3b) 5±1.5 (3b) 8±1.8 (3b) 28±3.8 (4a, 60ka) 110±6.1 7.27±0.6 79±4.7 5.3±1.8
Transect 9 (17.7 ka) 12±2.2 (7c) 16±2.6 (7b) 2±1.2 (9a) 10±2 (10a) 10±2 (10b) 66±5.2 3.7±0.33 40±4.1 2.3±0.24
Transect 1 (20 ka) 10±2 (1a) 12±2.2 (2a) 15±2.5 (3a) 3±1.3 (3b) 3±1.3 (3b) 5±1.5 (4a) 5±1.5 (4b) 5±1.5 (5a) 58±5.6 2.9±0.7 37±3.9 1.9±0.27
Transect 2 (20 ka) 10±2 (1a) 9±1.9 (2a) 6±1.6 (3a) 13±2.3 (3b) 6±1.6 (4a) 50±4.8 2.5±0.34 38±3.9 1.9±0.5
Transect 3 (20 ka) 17±2.7 (1a) 16±2.6 (2b) 10±2 (3a) 11±2.1 (3b) 12±2.2 (4a) 72±5.7 3.6±0.46 38±4 1.9±0.5
Transect 7 (20 ka) 10±2 (7d) 5±1.5 (8b) 6±1.6 (8c) 15±2.5 (8d) 78±5.7 3.9±0.42 41±4.2 2.1±0.29
Transect 4 (60 ka) 25±3.5 (1a) 27±3.7 (2c) 12±2.2 (2b) 30±4 (3b) 124±7.9 2.1±0.15 82±6.5 1.4±0.16
Transect 6 (60 ka) 38±4.8 (1b) 29±3.9 (6b) 28±3.8 (6c) 60±7 (6d) 10±2 (6e) 30±4 (7c) 232±11.8 4.4±0.64 95±7.3 1.6±0.18
Transect 8 (100 ka) 56±6.6 (9a) 50±6 (10a) 10±2 (11a) 291±15 3±0.21 181±12.2 1.8±0.22
Mean slip-rate 3.7±1.38 2.3±1.9

60±7 (7c)    13±2.3 (7b,17.7ka)

Table 1. Waihi and Poutu faults transects

* Displacement values were converted to transect ages when the existing values were of a different age. Antithetic fault strands

                                                                                                                           Vertical displacement (Fault)                                                                                                                               
                             (m)

Poutu Fault

13±2.3 (4c,30.6ka)     65±7.5 (5a, 59 ka)

16±2.6 (4c,25ka)    19±2.9 (5b, 25ka)   36±4.6 (6b, 40 ka)
15±2.5 (1T,25ka)    14±2.4 (3, 25 ka)     1±1.1 (7b, 3 ka)

  4±1.4 (11a, 10 ka)   9±1.9 (12a)

   38±4.8 (5a, 128ka)
   22±3.2 (5a, 60 ka)

22±3.2 (1b,36.1ka)  14±2.4 (7c) 35±4.5 (7b, 60 ka)  4±1.4 (8a)
  49±5.9 (4a, 97 ka)

2±1.2 (7b, 3 ka)    50±6 (7b, 110 ka)
  9±1.9 (12a, 17.7ka)
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FAULT GEOMETRY AND SLIP-RATE 
 
The Waihi and Poutu fault zones show a complex 
geometry (e.g., en-echelon fault traces, horsetail fault 
splaying and non-parallel fault strands). The two fault 
systems trend slightly closer together towards the south, 
creating a narrower graben at the axis of the rift, parallel 
to, but offset from, the modern volcanic vent complex. In 
the northern part of the Tongariro Graben the fault 
strands splay outward from the volcanic vent alignment 
(Fig. 2). 
 
We infer that these multiple surface fault strands splay 
and merge into a single fault plane at depth, as also 
suggested elsewhere in the rift by Villamor and 
Berryman (2001) and Nicol et al. (2010). Based on this 
interpretation, we traced eight transects across the Waihi 
Fault strands and nine transects across the Poutu Fault 
strands (Fig. 1), which we summed and analysed as the 
best representation of the total deformation 
accommodated by these faults. Fault slip-rates were 
calculated from these transects: the Waihi Fault has a 
mean slip-rate of 2.6±0.8 mm/yr and Poutu Fault of a 
mean slip-rate of 2.3±1.9 mm over the last 200 ka (Table 
1). 
 
MAGNITUDE AND RECURRENCE INTERVAL OF 
POTENTIAL EARTHQUAKES 
 
The seismic parameters for the Waihi and Poutu faults, 
such as earthquake magnitudes and recurrence times for 
segments of different surface lengths, have been derived 
from slip-rate calculations and different models of fault 
rupture length (Hurst & McGinty, 1999; Hayes et al., 2004; 
Stirling et al., 2012; Table 2). 
 
The complexity of the surface fault expression and the 
lack of historic fault surface ruptures in this region make 
the fault segmentation uncertain. Nevertheless, we 
suggest different possible scenarios for segment surface-
length rupture for each of the fault zones, mainly based 
on the fault strands geometry (morphometry and 
distribution; Fig. 3). Although we suggest a minimal 
segment surface length of 12 km, we expect it to be at 
least as long as the thickness of the seismogenic crust; c. 
15 km (Hurst & McGinty 1999; Hayes et al. 2004), as 
suggested by previous seismic hazard studies (Stirling et 
al. 2012). 
 
Waihi Fault is at least 38 km in length (up to 52 km if it 
extends to the SW boundary of Lake Taupo). Waihi South 
segment (18 km) is based on relatively continuous ~025-
trending parallel fault strands; it could finish against ~N-
trending fault strands. Waihi North segment (20 km) 
starts with ~N-trending fault strands, changing again to 
~025-trending rift-parallel fault strands. Poutu Fault is at 
least 30 km in length. Poutu South segment (12 km) is 
based on relatively continuous ~025-trending parallel 
fault strands; it could finish against ~060-trending fault 
strands. Poutu North segment (18 km) starts with ~060-
trending fault strands, changing again to ~025-trending 
rift-parallel fault strands. 

 
If the entire length of the Waihi Fault Zone were to 
rupture (38 km-long) we calculated a Mw 7.0 earthquake 
with an average single-event displacement of 2 m. For 
the whole Poutu Fault Zone rupture (30 km-long) we 
calculated a Mw 6.9 earthquake with an average 
displacement of 1.6 m. The worst case scenario would be 
a 52 km-long rupture, including the whole Waihi Fault 
Zone and the SW boundary of Lake Taupo, generating a 
Mw 7.2 earthquake with an average single-event 
displacement of 2.9 m (Fig. 3; Table 2). 
 
When slip-rates are combined with the derived average 
displacements we obtain a recurrence interval of 1.0 ka 
and 0.9 ka for Waihi and Poutu faults, respectively. 
 

 
 
Fig. 3. Potential segment surface length rupture models for the 
Waihi and Poutu faults, marked with purple and green lines, 
respectively. Ng= Ngauruhoe volcano 
 
 

Fault
Segment surface length     

    (km)
 Sub-surface length       

    (m)
Average displacement 

(m)
Mw

Poutu South segment 12 14 0.7 6.3

Waihi South/Poutu North 18 21 1 6.6

Waihi North segment 20 23 1.1 6.7

whole Poutu Fault 30 35 1.6 6.9

whole Waihi Fault 38 44 2 7.0

whole Waihi + SW Lake Taupo 52 61 2.9 7.2

Table 2. Moment magnitude and single-event displacement for different fault lengths. Estimated average single-
event displacement in meters and earthquake moment magnitude (Mw) based on Webb’s equation, for a certain 

segment surface length (km) and fault area (as described in Villamor et al. 2007; Stirling et al. 2012).

 
 
PRELIMINARY CONCLUSIONS 
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Earlier studies on the Waihi and Poutu fault zones (GNS 
science, unpublished data) estimated mean slip-rates of 
1.3 and 1.85 mm/yr, respectively. Our data show that the 
Waihi Fault mean slip-rate value could be 2.6±0.8 mm/yr 
and the Poutu Fault mean slip-rate could be 2.3±1.9 
mm/yr, increasing the seismic hazard potential. 
Consequently, our study would provide an update to the 
National Seismic Hazard Model for New Zealand (Stirling 
et al., 2012; Litchfield et al., 2014). 
 
Available vertical slip-rates will aid calculation of the 
extension rates for the Waihi and Poutu fault zones. 
Future studies involve a comparison between tectonic 
and volcanic extension and insights of volcano-tectonic 
interactions. 
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Abstract: The Atacama Fault System (AFS) is an ancient trench parallel fault system in northern Chile, which has been reactivated 
during the Neogene producing a conspicuous mountain and range topography in the Coastal Cordillera. NS-striking fault scarps 
affecting Quaternary alluvial fans are common in the piedmont of the mountain fronts. Direct dating of single events along these 
faults is still needed. In this contribution we presented the results of a detailed geological analysis of two main faults of the AFS, 
including the Salar del Carmen Fault and the Mititus Fault. Twenty-four trenches were geologically mapped to characterize the 
fault scarp morphology; 2 cm resolution digital elevation models by UAV-based photogrammetry were built. The following 
aspects were resolved: 1) the temporal relationship between previously documented reverse and normal faulting along these 
faults, 2) the age of the latest faulting on the Salar del Carmen Fault, and 3) the paleoseismological significance of fault 
reactivation 
 
Key words: Atacama Fault System, northern Chile, Paleoseismology, upper plate faulting 
 
INTRODUCTION 

The Atacama Fault System (AFS) in northern 
Chile exerts a strong control on the morphology of the 
Coastal Cordillera near Antofagasta (24º Latitude S). This 
control is primary expressed by kilometer-long mountain 
fronts limited by large subsiding alluvial basins (Fig.1). 
Long-term fault displacements have produced 
cumulative vertical offsets of up to 500 m. Miocene and 
Pliocene ages from volcanic ash layers interbedded in 
the alluvial infill of the structurally controlled basins 
attest to a prolonged period of faulting. NS-striking 
sharp fault scarps affecting Quaternary alluvial fans are 
common in the piedmont of the mountain fronts. These 
fault scarps are the most recent reactivation features of 
the faults. The faults are expressed from the western side 
of the Mejillones Peninsula to the eastern border of the 
Coastal Cordillera, covering a 45 km wide transect where 
half-graben structures dominate. In this section the most 
important upper plate structures are the Mejillones Fault 
(MF), the Mititus Fault (MIF) and the Salar del Carmen 
Fault (SCF). 

The Quaternary kinematics of the main faults 
has been intensively studied during the last few decades 
(Armijo and Thiele, 1990, Delouis et al., 1998; Gonzalez 
and Carrizo, 1996; Allmendinger and Gonzalez, 2011). 
According to these studies the fault kinematics are 
dominated by normal faulting. However Armijo and 
Thiele (1990) described sinistral strike slip faulting in the 
northernmost part of the AFS and Allmendinger and 
González (2011) reported 2-1 m of piedmont uplift due 
to reverse fault reactivation along the main fault of the 
AFS. Therefore the kinematics of these upper plate 
structures shows some controversial aspects, which is 
resolved in this study. The ages of the Quaternary 
faulting have been constrained in a general way by 

dating faulted-abandoned alluvial surfaces (González et 
al., 2006) and by dating gypsum veins hosted in the fault 
planes of the AFS (Vargas et al., 2010). However, direct 
dating of single events along the upper plate faults of 
the AFS are still needed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Hill shade model extracted from STRM 90 data. White 
lines represent major fault of the area. MIF= Mititus Fault, SCF= 
Salar del Carmen Fault. Segmented white lines are Quaternary 
paleo-shore lines 
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In this contribution the results of a detailed geological 
analysis of two main faults of the Atacama Fault System, 
including the Salar del Carmen Fault and the Mititus 
Fault, are presented. In our analysis we mapped 24 
trenches excavated along these two faults. In order to 
characterize fault scarp morphology we used 2 cm 
resolution digital elevation models generated by UAV-
based photogrammetry (Fig. 2). We resolved the 
following geological problems: 1) the temporal 
relationship between previously documented reverse 
and normal faulting along these faults, 2) the age of the 
latest fault faulting on the Salar del Carmen Fault and 3) 
the paleoseismological significance of the late fault 
reactivation of the AFS. 
a) 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
Figura 2.  High-resolution digital elevation models based on UAV 
photogrammetry.  a) fault-scarp of Mititus Fault and b) fault-scarp 
of Salar del Carmen Fault, vertical exaggeration x2. 
 

Optically stimulated luminescence (OSL) for 
age constrain of sediments derived from fault scarp 
degradation was used. It included colluvial wedges and 
hill-slope deposits exposed in trench walls, as well as 
sediments from fluvial beds affected by faulting. The OSL 
dating is based on quartz single aliquot regeneration 
methods (Murray and Wintle, 2000). The burial ages are 
modeled using minimum age model and finite age 
model (Arnold et al., 2009). The OSL dating targets were 
medium-grained lithic arenite. 
 
TECTONIC SETTING 

 
Convergence between the Nazca and South 

America along the Chilean margin occurs at a rate of 66 
mm/yr (Angermann et al., 1999) and thus generates one 
of the most active subduction zones on Earth. This 
margin has generated the largest earthquake (Mw 9.4, 
Valdivia earthquake in 1960) ever recorded in the human 

history (Lomnitz, 2004). Despite this relatively high 
convergence rate, no destructive earthquakes have been 
historically documented in upper plate faults. Therefore 
there is a widespread belief among scientists that plate 
interaction is mainly elastic and driven fundamentally by 
sudden slip of the megathrust and no upper plate 
reactivation is driven by plate interaction at this 
continental margin. However, a close view of the 
continental margin overlying the seismogenic zone 
shows a strongly segmented topography controlled by 
large upper plate faults.  
 

A suite of trench parallel faults located along 
the Coastal Cordillera forms the AFS. It is possible to 
identify the system in satellite images from 21ºS to 29ºS. 
The AFS formed during the Early Cretaceous as a trench 
linked strike slip fault system (Scheuber and Andriessen, 
1990). During the Neogene the AFS reactivated as a 
normal fault producing the strong-segmented 
topography of the Coastal Cordillera in northern Chile 
(Allmendinger and Gonzalez, 2011). 
 
THE SALAR DEL CARMEN FAULT 
 
  The fault is highly segmented and located 
along the eastern side of the Coastal Cordillera (Fig.1). 
Fault activity has constructed an eastward facing scarp 
with an average height of ~5 m. A detailed inspection of 
the topography of the scarp indicates that it was formed 
by at least two or three events. Trenches excavated in 
the northernmost segment expose two colluvial wedges 
which grade laterally into slope wash deposits (Fig. 3). 
The oldest colluvial wedge and hillslope deposits are 
deformed and rotated by normal faults, whereas the 
youngest colluvial and hillslope deposits show minor 
effects by faulting. An OSL sample from the oldest slope 
wash deposit has a burial age of 4.91 + 0.32 ka, 
indicating that the colluvial wedge formed shortly 
before this age. Two OSL ages of 2.65 + 0.17 ka and 2.03 
+ 0.23 ka, with a mean of 2.34 + 0.12 ka, from the base of 
the youngest colluvial wedge put constraints for the 
youngest event in this fault. Undeformed hillslope 
deposits have OSL burial ages of 0.40 + 0.03 ka and 0.46 
+ 0.08 ka, respectively. Across this trench we determined 
a net fault slip of 4.2 m since deposition of oldest 
colluvial wedge/wash slope deposit. Using the age of 
this sediment a minimum slip rate of 0.37 + 0.07 m/ka 
can be estimated. 

We measured a cumulative vertical slip of 4.2 + 
0.1 m since deposition of the lower colluvial wedge. This 
cumulative vertical slip is the same order of magnitude 
of the fault scarp height itself, suggesting that the scarp 
was formed by two faulting events. Following the 
standard convention that colluvial wedge thickness is 
equivalent to roughly the half of the average normal 
fault displacement (McCalping, 1996) and by using the 
relationship between average displacement and 
moment magnitude (Wells and Coopersmith, 1994), we 
estimated the paleo-earthquake magnitude in the SCF. 
The average thickness of the colluvial wedges in the 
trenches is 1.1 + 0.45 m. By using this average thickness 
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we estimated an average coseismic vertical slip of 2.2 + 
0.9 m inferring that the magnitude of paleo-earthquakes 
in the SCF were in the order of Mw 7.1 + 0.2. 
 
 
 
 
. 

 
 
 
 
 
 
 
 

 
 
Figure 3. Photo-mosaic and stratigraphic log of trench dug in the 
Salar del Carmen Fault. Black dots location of OSL samples, white 
dots approximately location of OSL samples from neighbour 
trenches. Red lines represent faults. Black lines show bedding in the 
hillslope and colluvial wedge deposits. 

 
THE MITITUS FAULT 
 

Trench descriptions along this fault are 
currently ongoing and OSL dating of colluvial wedges 
are still in progress. The associated fault scarp is also an 
eastward facing scarp formed in alluvial fan deposits. 
The surface offset measured along 10 transects crossing 
the fault scarp has an average of 2.84 m. One of the most 
relevant aspects documented in the trenches is the 
occurrence of a west vergence reverse fault, which is cut 
by a 75°east dipping normal fault that forms the fault 
scarp. The reverse fault folded and thrusted an old 
gypsum soil formed on top of alluvial fan deposits over 
Mesozoic volcanic rocks. The stratigraphy of the trenches 
allows identifying two faulting events related to normal 
fault-scarp formation. These events are deduced from 
the occurrence of two colluvial wedge deposited on top 
of the intense broken gypsum soil. Using the 1.1 m 
average thickness of the displaced colluvial wedge we 
infer a paleo-earthquake of Mw 7.0 for the first normal 
event registered in the trenches. 
 
 

 
 
Figure 4. Photo-mosaic and stratigraphic log of trench dug in the 
Mititus Fault Red lines represent faults. CW2= Young Colluvial 
wedge , CW1= Old Colluvial wedge. HD2= Young hillslope deposit 
(Wash slope deposit). 
 
DISCUSSIONS 
 

The data demonstrate that there is a significant 
active faulting expressed as reactivation of some 
branches of the AFS directly overlying the coupling zone 
of the Nazca and South American plates.  
 

The detailed mapping of the trench walls in the 
Salar del Carmen and Mititus faults reveals that normal 
faulting is the dominant mechanism of fault scarp 
formation. Reverse faulting documented in previous 
studies (Allmendinger and González, 2010) is also 
expressed in the trenches dug in the Mititus Fault. The 
geometry of the reverse fault displacement showing 
“young unit thrusted on older units” indicates that 
reverse faulting resulted from the reactivation of an 
older normal fault.  Then, it can be interpreted that the 
change from normal faulting to reverse faulting 
represents a major change in the kinematic regime of 
the Mititus Fault. Because the fold exposed in the 
trenches of the Mititus Fault is cut by the youngest 
normal faulting event we suggest that normal faulting 
and reverse faulting have alternated trough time. 
Nevertheless, it should be noted that the dominant 
process in the topographic configuration is normal 
faulting. 
 

Systematic trench mapping shows that upper 
plate fault activity has been seismogenic. It is deduced 
from the occurrence of colluvial wedges. The estimation 
of Paleo-earthquake magnitudes shows the occurrence 
of ∼Mw 7.0 event(s) in the main branches of the AFS. OSL 
data indicate that fault reactivation occurred during the 
Holocene. The occurrence of two colluvial wedges in the 
AFS put constraints on the number of events that 
formed the fault scarp preserved in alluvial sediments. 
The temporal distribution of ages in individual faults 
shows that the recurrence of Mw 7.0 earthquake(s) that 
are capable to rupture the topographic surface, is in the 
order of thousands of years. This can be clearly 
demonstrated for the Salar del Carmen Fault, where 
deposition of the two colluvial wedges is separated for a 
minimum of 2.06 ka. The 0.37 m/ka slip rate and the 
average coseismic displacement also imply a recurrence 
of thousand years for this fault. 
 

In northern Chile Mw > 7.0 subduction 
earthquakes have a recurrence of approximately 50 
years (Comte et al., 1988) and Mw 8.8 subduction 
earthquakes have a return period of 128 years (Comte y 
Pardo, 1999). Firstly, it may be concluded by comparison 
with the return period of paleo-earthquakes in the AFS 
that intermediate to large subduction earthquakes are 
not synchronized in occurrence with the Mw 7.0 
earthquakes documented in the AFS. Secondly, over the 
time scale of decades, upper plate faulting does not 
contribute significantly to the bulk deformation in the 
margin, but it is relevant at the time scale of thousands 
of years reflecting the long-term geological component 
of upper faulting. 

 
How normal faulting and reverse faulting 

alternate through the time is still not very clear. Normal 
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faulting seems to be related to upper plate relaxation 
following major subduction earthquakes (Cortes et al., 
2013). Reverse faulting could result of unusual long 
periods of interseismic phase of subduction earthquake 
cycle. During this period compressive stresses emerging 
from plate interaction could be effectively transmitted to 
the upper plate and thus cause compression near the 
topographic surface. 
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Abstract: The Mejillones Peninsula – located at the continental active margin of the Central Andes, northern Chile – is a first order 

geomorphic feature characterized by uplifted Pleistocene marine terraces and beach-ridges. Based on radiocarbon and Optically 

Stimulated Luminescence results, we dated marine depositslocated up to 21 m a.s.l. as 31 – 46 ka, which corresponds to the Marine Isotope 

Stage 3, globally defined between 60 and 25 ka. Consequently, for the last 40 ka we estimate an uplift rate of 2.1 ± 0.7 m/ka, evidencing an 

acceleration of the tectonic uplift of this peninsula if we consider previous estimates of 0.5 m/ka for the last 400 ka. We propose that this 

acceleration resulted from coseismic vertical deformation and rupture propagation which breaks beneath the northern Mejillones Peninsula 

along the subduction zone during megathrust earthquakes. Each earthquake would result in large permanent uplift unlike other coastal 

areas since the late Pleistocene-Holocene. 
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INTRODUCTION 

 

The Mejillones Peninsula is a first order characteristic feature in 

the Central Andes forearc of northern Chile, which is part of the 

continental shelf that has been uplifted since ~3 Ma 

(Marquardt, 2005), due to crustal deformation linked to 

subduction of the Nazca plate beneath the South American 

plate. Geologically, Mejillones Peninsula is formed by Paleozoic-

Triassic metamorphic rocks, Jurassic-Cretacic igneous intrusive 

and late Neogen-Pleistocene semi-consolidated sediments 

(Cortés et al., 2007). Geomorphologically, the peninsula displays 

marine terraces, paleo-coastal ridges, escarpments and coastal 

cliffs. From a morpho-structural point of view, it comprises horst 

and half-grabens linked to active normal faults with subaerial 

and submarine expression (Vargas et al., 2011a;Cortés et al., 

2012), as well as long-wavelength folds recognizedin the 

submarine substratum and superficial tensional cracks. 

Moreover, geomorphological analyses have determined that 

the Mejillones Peninsula records evidence for uplift at relatively 

high rates (Ortlieb et al, 1996a; Marquardt, 2005; Victor et al., 

2011). In addition, it has been postulated that Mejillones 

Peninsula behaves as a tectonic boundary for seismic 

megathrust rupture propagation for earthquakes that nucleates 

both from north and south of it (Victor et al., 2011). The last 

great subduction earthquake ~Mw 8.8 was in 1877 and the 

rupture length could have spanned about at least 300 km 

between Iquique and Mejillones city (Metois et al., 2013). 

 

Through geomorphological and paleontological analysis, 

previous works have correlated the distribution of paleo beach-

ridges and paleo coastal escarpments, located in Pampa 

Mejillones and Pampa Aeropuerto, with the last marine isotope 

stages (MISs), corresponding to the time span encompassing 

from Middle to late Pleistocene. From these correlations uplift 

rates for the last 400 ka have been estimated, which vary 

between 0.2 – 0.5 m/ka. These uplift rates are high if we 

consider that the coastal northern Chile is characterized by an 

uplift rate about 0.1 – 0.2 m/ka (Ortlieb et al., 1996a; Marquardt 

et al., 2005; Victor et al., 2011). Nevertheless, the work we 

present here leads us to rethink the chronostratigraphy 

associated with the beach ridges and their previously-assumed 

ages. Particularly, we report for the first time consistent MIS 3 

ages, globally defined between 60 – 25 ka and characterized by 

with few outcrops above the current sea level (Siddall et al., 

2008). In addition, we discuss the linking between the new 

uplift rate estimates and the occurrence of megathrust 

earthquakes triggered at the southern edge of the northern 

Chile seismic gap. 

 

METHODS 

 

The study area extends from the northern part of the Mejillones 

Peninsula, specifically the littoral coast that includes the coastal 

escarpment of the Mejillones Bay, between the Punta Chacaya 

and Rinconada Beach (Figure 1). 
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To quantify the deformation of Pampa Mejillones linked to both 

Mejillones Peninsula uplifting and Mejillones Fault Quaternary 

activity, we carried out measurements on the littoral zone 

corresponding to trigonometric profiles transverse to the 

Mejillones Bay’s coastal escarpment, between Punta Chacaya 

and Rinconada Beach (Figure 1), including a sea level average 

determination considering tidal measurements and GPS 

positioning observations. The profiles located on Mejillones 

Bay’s coastal cliff (Figure 1) show a height scarp that decreases 

from east to west, from 22 to 9 m a.s.l., respectively. 

 

 
Fig. 1: Northern Mejillones Peninsula, showing geomorphological 

and structural features present in the study area. 

 

We observed marine sedimentary layers with abundant mollusc 

shells in Rinconada Beach (Figure 2), from a semi-consolidated 

conglomerate overlying in angular unconformity a marine 

abrasion terrace carved on semi-consolidated silt 

corresponding to the Neogene La Portada Formation. From a 

tectonic point of view, this bed is situated at 21 and 1 m a.s.l. 

and has been displaced vertically 20 m by the Mejillones Fault, 

hence the samples were taken from both the hanging wall and 

the foot wall. The shell samples were dated through 

radiocarbon method which yielded consistent ages between 31 

– 47 ka, with a high frequency concentration ~38 – 40 ka. All the 

radiocarbon conventional ages were calibrated using the 

marine Delta R (Vargas et al., 2007; Ortlieb et al., 2011). 

Moreover, OSL results from sediment sand samples from the 

stratigraphic sequence overlying the conglomerate with 

abundant shells yielded an age of 38 ka age. Most of the shell 

and sediment samples were taken from the stratigraphic 

sequence that is located on the coastal escarpment of the 

Mejillones Bay, immediately eastward of the Mejillones Fault 

(Figure 2). 

 

 
Fig. 2: A) Bioclastic conglomerate corresponding to MIS 3, 

overlaying Neogene marine silts from La Portada Formation. B) 

MIS3 deposits offset by the Mejillones Fault. 

 

In order to interpret the sedimentary environments of the 

deposits outcrops arranged in the free face of the coastal 
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escarpment on Rinconada Beach, we dug pits to expose the 

facies of the stratigraphic sequence. The marine fossil fauna and 

sedimentary facies indicate that the marine sequence was 

deposited near sea level during MIS 3. In the higher part of the 

stratigraphic column a marine to continentaltransition can be 

deduced from alluvial sediments overlying supra-littoral sands 

with remains of shells. The latter is overlain by 3 m of alluvial fan 

deposits that coarsen upward. 

 

In the western Mejillones Peninsula foot wall block (Figure 1), 

we also identified MIS 3 deposits. These deposits comprise a 

conglomerate and a sandy layer with shells from which we 

obtained a radiocarbon age ~37 ka. Deposits of MIS 3 age are 

located over a marine escarpment of 12.5 m a.s.l. that 

corresponds to an uplifted marine terrace strath. At the foot of 

this marine escarpment we found an uplifted marine deposit 

constituted by boulders, sand, shells, seaweed and 

archeological remains. This is located at 4.5 m a.s.l. and 

radiocarbon analyses yielded a calibrated age between CE 1665 

– 1949. Slightly further below of these deposits, we found, close 

to the present shoreline, an uplifted marine terrace located 1.5 

m a.s.l. We interpret that both the marine deposit and the 

terrace are associated and represent the coastline previous to 

the last large 1877 ~Mw 8.8 megathrust event.  

 

To achieve the best representation of the sea level during the 

MIS 3, we developed a sea level compilation based on Siddal et 

al. (2008) and others authors as Cabioch & Ayliffe (2001), with 

emphasis in the sea level curve of Arz et al. (2007), mostly based 

on a water input from the ice sheet retreat at the Northern 

Hemisphere. Thus, we considered a range of 42 – 96 m b.s.l. for 

~40 ka. Taking this, we estimated an uplift rate of 1.6 – 2.9 m/ka 

from the MIS 3 deposits that lie 21 m a.s.l. on the Mejillones 

Fault foot wall, and 1.2 – 2.6 m/ka from deposits in the 

Mejillones Fault hanging wall or 2.1 ± 0.7 m/ka for the northern 

Mejillones Peninsula in the last 40 ka. These new uplift rates are 

one order of magnitude higher than previous estimations 

(Ortlieb et al 1996, Marquardt et al 2005, Victor et al, 2011). 

 

DISCUSSION 

 

Deposits of MIS 3 are present along the coastal escarpment of 

Rinconada Beach, with 1 – 7m thickness, either in the hanging 

wall and foot wall of the Mejillones Fault. Southward of the 

Mejillones Peninsula MIS 3 outcrops, may not be subaerially 

exposed because the northern part of this peninsula shows 

higher uplift rates than the southern part (Ortlieb et al., 1996; 

Victor et al., 2011). Most workers agree that higher slip rates are 

located near Morro Mejillones horst (Ortlieb et al., 1996a; 

Marquardt, 2005, Victor et al, 2011), which is located 

immediately to the west of the MIS 3 outcrops. Moreover, 

through subbottom profiles analysis (Figure 1), González et al. 

(2012) determined a syncline fold characterized by wide 

wavelength, which is present in the whole Mejillones Bay and 

that would transfer strain from the Mejillones Fault through the 

hanging wall. This fold has a NS axis with an asymmetrical 

wavelength from south to north, with a maximum wavelength 

spreading beneath the coastal edge of the Mejillones Bay near 

to Mejillones city. The MIS 3 deposits located on Punta Chacaya 

(20 m a.s.l.), on the hanging wall block, can be correlated with 

the MIS 3 deposits located on Rinconada beach (21 m a.s.l.), on 

the foot wall block (Figure1).  Thus, the differences in MIS 3 

heights between the hanging wall and the foot wall blocks 

resulted from the slip along the Mejillones Fault, which is a 

structure that accommodates localized uplift at the northern 

Mejillones Peninsula, with major fault slip increasing from south 

to north, as is evidenced from geomorphologic and seismo-

stratigraphic observations (Cortés et al., 2012, Victor et al., 2011, 

Vargas et al., 2011a), and by geomorphological coastal evidence 

like  decreasing elevation of the coastal escarpment of the 

Mejillones Bay from east to west, from 20 to 9 m a.s.l., 

respectively (Chacaya Beach-Rinconada Beach) (Figure 2). 

 

The uplift rate estimated since MIS 3 at northern Mejillones 

Peninsula is similar to those reported around the Circum-Pacific 

region like Huon Peninsula, New Zealand, Vanuatu, Panama and 

California (Siddall et al., 2008). Also it is similar to the uplift rates 

estimated for Santa María Island in Central Chile, where uplift 

rates of 1.5 ± 0.3 m/ka since the MIS 3 have been reported (Jara-

Muñoz et al., 2015). 

 

Uplift along the Chilean coastal edge has been observed as a 

consequence of elastic rebound from subduction megathrust 

earthquakes (Delouis et al., 1998; Vargas et al., 2011b; Wesson et 

al., 2015). Previous works determined that during the 1995 MW 

8.1 Antofagasta earthquake, the coastal edge of the southern 

part of the Mejillones Peninsula had a coseismic uplift in the 

range of 0.15 – 0.8m (Ruegg et al., 1996; Ortlieb et al., 1996b; 

Delouis et al., 1998). The 2007 Mw 7.7 Tocopilla earthquake 

produced a coseismic uplift about 0.35 m in Mejillones city 

(Schuur et al., 2013), which has not been recovered in the last 8 

years. From these examples it is possible to assume that the 

Mejillones Peninsula uplift represents permanent vertical 

deformation associated to megathrust earthquakes. This 

implies that to uplift the northern Mejillones Peninsula requires 

megathrust earthquakes with seismic rupture propagation 

beneath the peninsula, like the 2007 Tocopilla earthquake 

(Fuenzalida et al., 2013). 

 

The 2010 Mw 8.8 Maule earthquake, that hit the central part of 

Chile, uplifted the coast around 1.3 ± 0.2 – 2.6 ± 0.6 m, with an 

average of 1.95 ± 0.4 m in Arauco Peninsula, located at the 

southern edge of the seismic rupture (Vargas et al., 2011b).   
Wesson et al. (2015) using geomorphological and bathymetric 

data from Santa María Island (located immediately to the north 

of Arauco Peninsula) estimated an interseismic subsidence rate 

of 10 mm/yr from the 1837 ~Mw 8.8 to the 2010 Mw 8.8 Maule 

earthquake, which represents a complete seismic cycle This 

implies that each mega-earthquake result in permanent uplift. 

The strong evidence collected on Arauco Peninsula suggests 

that it would act as a seismic barrier for ruptures that propagate 

from the south (1960 Mw 9.5 Valdivia Earthquake) and the north 

(1837 and 2010 Mw 8.8 Maule earthquake) (Jara-Muñoz et al., 

2015). The seismotectonic, geomorphological and geological 
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settings that the Arauco Peninsula shares with the Mejillones 

Peninsula are very similar for the late Pleistocene-holocene. 

Therefore, we propose that the mega-earthquakes that hit the 

Arauco Peninsula with permanent deformation effects are 

comparable with the 1877 ~Mw 8.8 earthquake that rupture 

beneath the northern part of the Mejillones Peninsula (Vargas 

et al., 2011b; Metois et al., 2013).  

 

The long-term uplift that has affected the Mejillones Peninsula, 

since ~40 ka, has been 94 ± 30 m. The mean issue is 

discriminate the uplift contribution for both the 2007 Mw 7.7 

Tocopilla and the 1877 ~Mw 8.8 earthquakes. The first had a 

deeper seismic rupture (<40 km depth) (Schuur et al., 2012), 

and the latter was a tsunamigenic earthquake (Vargas et al., 

2005 and 2011b). Considering the 0.35 m of the 2007 Tocopilla 

earthquake coseismic uplift, the long-term uplift in Mejillones 

Peninsula could be easily explained by this kind of deep 

earthquakes, even more if we consider that the recurrence of a 

Mw. 7.7 is lower than a Mw 8.8 earthquake taking a simple 

Gutenberg-Richter’s law approach. This implies that together 

the 1877 and 2007-type earthquakes would contribute more 

than the 94 ± 30 m estimated for the last ~40 ka. The 

interseismic elastic subsidence rate for the Mejillones Peninsula 

would be of the order calculated by Wesson et al. (2015) for the 

2010 Maule earthquake, in Santa María Island, and could even 

be lower. 

 

CONCLUSION 

 

New observations of MIS 3 age deposits along the Mejillones 

Peninsula and their implications for uplift rates over the last 40 

ka might require rethinking MIS assignations for the last 400 ka. 

Aside from these implications, the highest uplift rate for the last 

40 ka indicates a non-constant uplift rate for the entire 

Mejillones Peninsula block and an accelerating uplift process 

during the late-Pleistocene associated with subduction 

megathrusts. This could suggest that the recurrence of 

subduction earthquakes might be non-linear in the long-term 

and that it has accelerated at least since 40 ka. 
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Abstract: The area around Itanagar-Naharlagun Capital Complex (INCC) of Arunachal Pradesh, India, anchored in 
neotectonically active foothills of Eastern Himalayas has been studied. Our objective is to unravel the hidden and 
subtle linkages between geological nuances and present geomorphology. From the analysis of satellite imageries, 
Digital Elevation Models (DEMs) and extensive field study it reveals that the terrain is underlain by a system of 
thrust-controlled asymmetric folds involving incipiently lithified fluvial sediments of unclassified late Neogene 
Siwaliks.  These are unconformably overlain by the Quaternary sequence of unlithified and poorly sorted sediments 
deposited by rivers and slope processes on multiple strath terraces and extant flood plains. The Siwaliks and 
Quaternaries both are affected by both the ENE-WSW trending regional Himalayan thrusts as well as prominent 
transverse faults making the area a highly landslide prone zone. The rapid and haphazard urban growth 
superimposed on this natural matrix has made this area extremely vulnerable to natural hazard. 

 
Keywords: Eastern Himalayan foothills, Neotectonics, thrusts, urbanisation. 

 
 

Introduction 

The collision between the Indian and Eurasian 
plates leads to the formation of the great Himalayan 
range which trends NW-SE in the westernmost part, 
E-W in the central part and NE-SW in the 
easternmost part. The Arunachal Himalayas is part 
of the eastern Himalayas and it falls under the 
Seismic zone (IV).Itanagar-Naharlagun Capital 
Complex (INCC) is a growing city developing as the 
capital of the Arunachal Pradesh within the Siwalik 
Hills and its foothills (Fig. 1). 
 

 
 
The area is near the edge of the meizoseismal 
region of the 1950 Assam earthquake and the 
displacement within the Quaternary boulder beds 
dated after 1270 AD. Kumar et al. 2010 speculates 
the displacement records the 1950 Mw 8.4 Assam 
earthquake. The Arunachal Himalayan geology has 
been studied by many workers but the Itanagar 
area lacks detailed geological studies. The area is 
anchored within the Mio-Pliocene sediments 

comprising Dafla, Subansiri and Kimin formations of 
Siwalik group and four formations within the 
Quaternary sediments namely Itanagar Formation, 
Banderdewa Formation, Sonajuli Formation and the 
Pachin Formation (Singh T, 2007). From the 
magnetostratigraphic study of the adjacent Kameng 
basin the age of the Siwalik sequence is 14.6 Ma to 
1.8 Ma in the Eastern Himalayan portion (Chirouze 
et al., 2012). Many tectonic signatures within the 
Siwalik sediments as well as Quaternary deposits 
have been reported. In this paper we have 
attempted to document and analyse the geomorphic 
framework and geology of the substrate with 
particular reference to interaction of episodic deep-
seated tectonic processes, surficial, fluvial and 
slope process activities during the Neogene and 
Quaternary and continue in the Holocene- 
Anthropocene.  The tectonic activity associated with 
Himalayan Thrust system and associated 
transverse normal and strike slip faults have made 
this area highly landslide prone. In addition to 
tectonic disturbances the rapid growth of population 
in this area causes increase in pressure on the 
natural resources and the consequent danger on 
environmental degradation. Specifically, this 
increase in population pressure puts a greater 
number of people at risk from a natural calamity. 
The increasing population pressure is leading to 
settlement expansion along with agricultural 
activities on the steep sided slopes mostly along the 
road highways through earth cutting on the hill top 
causing frequent landslides when it rains. The 
unplanned growth of settlements on hill faces, 
cutting and levelling of hill slopes, degradation of 
natural drainage system, cutting and felling of trees, 
especially along hill faces and increased run off due 
to increase in impervious areas are the main issues  
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and challenges that has triggered more landslide in 
the study area (Singh and Devi, 2006,Rupa, 2015). 
We have analysed the Satellite images, DEMs 
along with field work to understand the relationship 
of present day Geomorphology with the geology of 
the area. We have prepared the preliminary 
Geological-geomorphological map from all the 
primary and secondary data (Fig. 2). 
 

 
 
Discussion 
 

The most important geomorphic features of this 
area are two river valleys: the Dikrang River valley 
trending NW-SE and the Pachin River valley 
trending E-W. The Dikrang River is a major river 
originating in the Lesser Himalayan crystalline 
region NE of the study area. It takes a sharp 
westerly bend and then from the central part of the 
area it flows south easterly to meet the 
Brahmaputra. The Pachin River originates in the 
NW part of the area from the Siwalik Hills and flows 
easterly to meet the Dikrang River near Daimukh 
(Fig. 2). 
 The area is characterised by ENE-WSW trending 
ridges and valleys. The altitude varies from ~50m in 
Brahmaputra plane in south to 450m in north within 
the Siwalik Hills. The height of the Siwalik ridges 
increases from the 250m in the south with 

successive increase in height to 450m in the north. 
The southerly sloping flanks of the hills are showing 
more erosional features than the northern flanks of 
the hills.  
The rocks of Subansiri formation of Middle Siwaliks 
characterised by mainly thick bedded salt and 
pepper sandstones with occasional coal blocks are 
folded into a slightly asymmetric open fold with 
nearly ENE-WSW trending fold axis. The northern 
limb dips 30-35⁰  towards NW and the southern 
limb dips 35-40⁰  towards SE. The sandstones are 
cross bedded with the average current direction 
towards SE and with convolute bedding indicating 
synsedimentary deformation or seismites (Fig. 3).  
 

 
 
The overlying Kimin Formation of the Upper 
Siwaliks is characterised by thick pebble beds with 
laminated and cross bedded sand beds with very 
low consolidation and diagenesis. These rocks have 
formed a gentle fold with the beds dipping ~10-15⁰  
towards NW and SE respectively blanketing the 
Middle Siwaliks folded rocks. These pebble beds 
are overlain by Quaternary boulder and pebble 
beds. The contact between the Upper Siwaliks and 
the Lower Quaternaries is marked by an extensive 
boulder bed characterised by very large granitic 
boulders within a clay matrix indicating rapid 
erosion may be due to paleo- landslide (Fig. 4). 
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The Siwaliks have formed a sharp mountain front 
marked as Himalayan Frontal Thrust with the 
Quaternary flood plane in the south. The Upper 
Siwalik sand beds are thrusted over the Quaternary 
clay beds along a slip plane dipping ~10⁰  towards 
north –west (Fig.5). 
 

 
 
We have identified two Quaternary formations: the 
Pleistocene sediments are characterised by large 

boulders and pebbles with sand lenses, highly 
oxidised, bedded and forming the higher terraces 
whereas the Holocene sediments are characterised 
by small pebble beds and thick loose sand beds, 
less oxidation confined to the lower terraces along 
the rivers.  
Apart from the ENE-WSW trending regional thrusts 
the area is characterised by a number of transverse 
faults. One N-S trending fault has shifted the 
Himalayan Frontal Thrust (HFT) towards north 
crossing the Dikrang River near the Hurmutty tea 
garden, another NE-SW trending fault has shifted 
the Middle Siwalik anticlinal fold axis and another 
NNW-SSE trending fault has shifted the Pachin 
river course towards north along Pappu Nala 
between the Itanagar and Naharlagun towns. 
 The Pachin River flows along the south of the 
Itanagar. There is a ca.250m high southerly sloping 
scarp from the Governor House to the Pachin River 
and the scarp is characterised by extensive erosion 
with triangular facets. We interpret that this scarp is 
the southern limb of a north-westerly dipping thrust 
which has carried out the Middle Siwalik rocks over 
the Upper Siwaliks and the Pachin River marks the 
trace of this buried thrust fault (Fig.6). This thrust 
fault may be a splay of the Tipi thrust within the 
Siwaliks in the north of our study area. Aggressive 
erosional process has removed the hanging wall 
cut-off of the Siwalik sediments and filling up the 
Pachin River valley. 
 

 
 
 As the gradient of the Pachin River is affected by 
both the normal fault and a thrust fault at a high 
angle to each other the river has become a 
meandering one due to low energy condition. These 
fault zones are forming loose sediments and hence 
these areas are vulnerable to the landslides. The 
high precipitation in this area triggers the landslides 
throughout this weak zone, which has made this 
area hazardous for urban living (Fig. 7). 
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Uncontrolled human activity to sustain urban growth 
is making the area prone to natural hazard every 
day and thus needs prompt action for sustainable 
planning for development. 
 
It can be summarised that the geomorphology of 
this area is guided by the substrate geology along 
with the climatic factor of recent time. The primary 
landscape was formed imitating the fold of the 
substrate rocks which afterwards modified by the 
late transverse faults. 
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Abstract: The geologically complex and logistically hostile terrain of the Assam–Arakan basin near fore deep of the 
Himalayan foot hills is one of the key factors to understand the Himalayan tectonics in its eastern extremity. The 
spectacular anticlinal structure, the Manabhum anticline in this region which is flanked by the Himalaya, the Mismi 
Hills and the Naga Schuppen belts on three sides and upper Assam basin on one side has been studied An effort 
has been given to document the geomorphological and geological features from the remotely sensed data and 
subsequent detailed field mapping. The accumulated data have been analysed to understand the tectonic scenario 
which has contributed to the morphological evidences of this area in recent past.  
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Introduction 

 The easternmost part of the 2500km long Himalayan 

Frontal Thrust (HFT) is characterised by the presence of 

some large tributary rivers contributing to the westerly 

flowing trunk channel of the river Brahmaputra with one 

of the biggest flood-plain and delta systems of the world. 

The south-eastern part of this area is a part of the Indo-

Myanmer subduction zone forming the Naga-Patkoi hill 

ranges. The Manabum area is situated in the south bank of 

the Brahmaputra, within the fore deep region of the 

Himalayas in the north, Mishmi Hills in the  east and north 

east, partly in Belt of Naga Schuppen (thrust belt) to the 

south east, facing the Upper Assam foreland shelf in 

Arunachal Pradesh. It is characterised by the presence of a 

spectacular antiformal structure with a NNW-SSE 

direction of fold axis (Fig. 1). 

 

 
 

 

 The area is flanked by the lesser Himalayan crystalline 

rocks present in Dapha Bum and Mishmi Hills to the  eastn 

and north-east, the Disangs and the Barails along the 

Patkoi Bum in the south west part and Namsang, Girujan 

and Siwalik/Dhekiajuli(Recent) formation in the south 

(Mandal K L, 2013). 

 

 The Kumchai oil field in the vicinity of Manabum was 

discovered in 1987, and has been producing oil and gas 

since then. Subsequent basin modelling, suggests the 

Manabum area is within a high risk high reward category 

(Barathakur et al. 2013). 

 

 

As the area is tectonically an unique one and vulnerable to 

the natural disasters like earthquake and flood but is 

economically important due to presence of oil we tried to 

document the surficial as well as substrate geology of this 

area to find out how the tectonism in recent past has 

shaped this area. These findings may also help to identify 

whether the easternmost part of the Himalayan range 

forms a syntaxial bend or if it comprises a different thrust 

system transverse to both of them. 

  The area is thickly covered by dense vegetation; one part 

is within the Namdapha Reserve Forest which is shelter for 

almost all types of big cats from Royal Bengal tiger to 

snow leopard, many exotic birds like hornbill and green 

pigeon, numerous orchids and medicinal plants and large 

trees of rainforests as well as high altitude conifers. The 

area is drained by numerous small and big rivers. 

 

Due to thick forest cover and extremely difficult logistics 

we identified the drainage and the first order geomorphic 

features by analysing the satellite images and DEMs and 

consequently after a rigorous geological field work we 

have prepared a preliminary geological map (Fig. 2).  
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Discussion   

The most important river which is draining this area is Noa 

Dihing, which flows northerly from the Patkai Bum range 

in Vijaynagar and takes a sharp westerly bend from the 

Namdapha and flows towards west as Buri Dihing, but 

from Miao it again takes a northerly bend as Noa Dihing to 

meet the Brahmaputra. 

 

The Noa Dihing River is shifting easterly in its northerly 

flowing tract abandoning earlier river courses due to tilting 

of the surface towards east (Ramesh, 1988). 

 

As most of the area is thickly vegetated and due to very 

high precipitation it is almost impossible to find rock 

exposures and the only places to get a chance of viewing 

the substrate rocks are in the Noa Dihing river section, 

small nallah sections and road cuttings.  These rocks are 

mainly grey to greenish grey colour medium to coarse 

grained arkosic sandstone with salt and pepper appearance 

with abundant coal fragments or fossilised woods 

associated with pebble and boulder beds. These rocks are 

reported as Miocene Tipam sandstone in earlier literatures 

(Shrivastava, R. N., Sharma, S. K.,) but according to 

Mandal K L (2013) these may be of Girujan and Namsang 

formation of Plio- Pleistocene age. 

The sandstones are cross bedded, laminated and forming 

the core of the antiform. As the sandstones are older than 

the overlying pebble beds the antiform can be classified as 

anticline. The sandstone beds become thicker towards the 

core of the anticline and the pebble beds are absent in the 

core region. 

 

The upper Namsang/Girujan formation is characterised by 

thick pebble with thin sand beds.  

This older sandstones are folded into an asymmetric  

northerly plunging antiform with the western limb dipping 

45 to 500 towards south-west and the eastern limb dipping 

20 t0 250 towards north-east (Fig. 3). 

 

 
  

The upper Namsang/Girujan boulder beds imitates the 

same folding but the beds dip gentler than the sandstone 

beds There are thinner clay beds within the sand beds 

which show convolute laminations which is evidence of 

tectonic disturbance during sedimentation (Fig. 4). 

 
 

 These older sandstones are overlain by deformed 

Quaternary Dhekiajuli sediments forming higher river 

terraces. The oldest Quaternary formation overlying the 

sandstones are boulders and pebbles embedded in silt and 

clay matrix. It is highly oxidised and colour is deep 

reddish brown. It is difficult to differentiate the upper 

Namsang/Girujan boulders from the oldest Quaternary 

boulders (Fig.5).  

 



7th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 30 May to 3 June, 2016, 
Crestone, Colorado, USA 

 
 

INQUA Focus Group on Paleoseismology and Active Tectonics 
 

 

 

 
 

The overlying pebble and boulder beds contain less clay 

matrix than below.  Sand and silt beds with few coarse 

boulders overlie the pebble and boulder beds and are 

capped by a clay. Though in some places there is a distinct 

clay horizon marked by ochre and black clay beds which 

differentiate the Girujan pebble beds from the older 

Quaternary pebble beds (Fig. 6). Due to thrusting the river 

which was earlier carrying the pebbles in high energy 

condition lost its energy and a temporary ponding of the 

river caused the deposition of highly carbonaceous black 

clay. This clay bed thus may represent a thrusting event. 

 

 
 

The Quaternary Dhekiajuli sediments are showing the 

similar folding but the dip of the beds are very gentle, 10 

to 150.  

 The higher river terraces are extensive and few along the 

northern bank of Noa Dihing River whereas the southern 

bank terraces are smaller but in higher number. 

There are three major structural trends within this small 

area. The Naga thrust trend which is NE-SW in the 

Southern portion of the study area, the axis of the 

Manabhum anticline shows an offset perpendicular to it in 

its northern part which is nearly parallel to the HFT 

(Himalayan Frontal Thrust) but the major structural trend 

is the trend of the fold axis. The Manabhum anticline and 

the present course of northerly flowing Noa-Dihing River 

is neither parallel to the Himalayan thrusts nor the Naga 

thrust but parallel to the NW-SE trending Mishmi thrust. 

According to Barthakur et al. (2013) the anticline is 

growing over an easterly dipping thrust fault but it cannot 

be traced at the surface. The south-western limb of the 

anticline is shorter and steeper but the north-eastern limb is 

gentler with a break in slope along a line almost parallel to 

the fold axis forming another distinct lineament (Fig. 2). 

This may be a fault propagation fold over a north-easterly 

dipping thrust and the eastern limb is on the hanging wall 

side. This area is a prospective for the hydrocarbons as 

Khumchai oil field is in the foot of the western limb. 

There is a topographic high east of the anticline formed in 

the Quaternary sediments which is in a thrust contact with 

the north-easterly dipping gneissic rocks of the Mismi 

hills. The rivers are shifting westward in this region. 

 So the Noa Dihing River which flows towards north in the 

western flank of the anticline is moving eastward from its 

earlier course let behind many cut off meanders and the 

major river in the eastern flank of the anticline is moving 

westward. This may be an evidence of compression of the 

area in recent time and the compression direction is neither 

similar to the compression of Indo-Tibetan plate nor the 

Indo-Burmese plate. The tilting of the river terraces and 

changing of river courses suggest that the anticline is still 

growing. A detailed work on this anticline will definitely 

throw light on the genetics of the eastern Himalayan 

syntaxial zone. 
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Abstract:  Modern photo-logging methods of paleoseismic trench exposures include Structure-from-Motion (SfM) and Image-
Based Modeling (IBM) techniques that reconstruct 3D surfaces to create seamless, high-resolution photomosaics designed for in-
situ trench photo logging.  Given the often large expense and time-critical nature of paleoseismic investigations, efficient and 
accurate production of seamless photomosaic trench logs is an essential component to modern paleoseismic investigations.  We 
present our field-tested workflow, based on methods developed by Reitman and Bennet (unpublished USGS report) and Reitman et 
al. (2015), that includes photo acquisition techniques, software reconstruction, and post-processing methods. Techniques are 
illustrated to demonstrate the workflow on various types of trench excavations in remote field settings using basic equipment.  Our 
workflow builds on experience using SfM methods in more than 25 paleoseismic trenches in various tectonic settings, trench styles, 
and site conditions.  
 
Key words: Structure-from-Motion (SfM), Image-Based-Modeling (IBM), Paleoseismology, Photogrammetry, Photomosaic 
 
 
Introduction 
Over the last few years, the development of Structure-
from-Motion (SfM) and Image-Based-Modeling (IBM) 
techniques have revolutionized the production and 
improved the quality of photomosaic logs generated for 
paleoseismic studies.  Rendered obsolete is the need for 
perfectly-positioned orthogonal photos taken with the 
aid of the “Trench-O-Matic” and gone are the sleepless 
nights consumed by painstaking Photoshop mosaicking 
sessions.  Paleoseismic trenches can now be 
photographed in as little as a few tens of minutes and 
seamless trench mosaics can be generated in the time it 
takes to (casually) consume a couple of end-of-the-day 
beverages.  However, efficient SfM model generation 
requires practical knowledge of photography, image 
processing, and the software-rectification development 
or the entire process can become cumbersome.  With 
experience from more than 25 paleoseismic trenches, we 
present a field-tested workflow that builds upon the 
workflows outlined by Reitman and Bennet (unpublished 
USGS report) and Reitman et al. (2015).  We specifically 
aim to address typical challenges associated with the use 
of this relatively new paleoseismic tool.  
 
Because of the added time, expense, and logistical 
challenges of purchasing and bringing survey equipment 
to remote field sites, the majority of our recent trenches 
utilizing SfM-based logs have been set up without 
absolute survey control. The methods presented herein 

are geared toward log production in the absence of Real-
Time Kinematic (RTK), total station, or Light Detection 
and Ranging (LiDAR)-based survey control. Instead we 
use local grids generated for the trench exposure, 
averaged handheld GPS points for endpoints and 
corners, and trench length and orientation to place the 
trench in an absolute coordinate system (e.g., UTM Zone 
10, WGS 84,). 
 
General Workflow 
The goal of any photomosaic trench logging exercise is to 
develop an accurate, archive-quality, orthorectified 
image of the exposure.  Efficient generation of a 
photomosaic log requires four basic steps: (1) trench 
excavation and grid preparation, (2) photography, (3) 
model generation, and (4) final log rectification and 
printing.  In addition, having the proper equipment has 
proven critical in a number of our excavations.  The 
following is a rundown of equipment we typically have 
on hand for log production. For SfM processing, we 
recommend using a computer with at least 16+ GB of 
RAM, an Intel i7 processor, and a reasonable graphics 
processing unit (GPU) as it may be utilized for processing 
power.  A powerful desktop computer with a solid-state 
hard drive and optimized GPU is ideal (we use settings 
outlined in the Agisoft PhotoScan user manual), but high-
powered laptops, especially those with solid-state hard-
drives can be a great alternative if portability is necessary.  
For photography, a moderate-to-high-resolution camera 
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(minimum 12 MP) with semi-manual settings to 
manipulate ISO (light sensitivity), aperture, exposure 
compensation, and white balance is ideal. A relatively 
wide, albeit undistorted, viewing angle, wide aperture (to 
allow low-light photography), and variable-angle LCD 
screen are important features to have in shored trenches 
as both space (wall to wall) and light are usually limited. 
Mirrored digital cameras (DSLRs) are not recommended 
for several reasons. First, DSLR lenses often have greater 
out-of-focus portions of the image at wider apertures (for 
low light photography) and greater edge distortion than 
mirrorless cameras. This will cause major headaches 
when the SfM software attempts to pair images. This is 
especially true for benched exposures where multiple 
planes may be represented in a single image.  Second, 
they are typically more expensive, heavier, and less 
expendable than most mirrorless cameras.  A high-quality 
point and shoot that takes a nearly undistorted photo 
with a wide viewing angle is preferred.  Photographing a 
sheet of graph paper provides a simple test of lens 
distortion at various focal lengths.  Our Canon Powershot 
SX50-HS (shooting RAW) has produced the most 
consistent results so far. Additionally, cameras that 
perform extensive automated in-camera post processing 
(i.e., enhancing color, contrast, and sharpness) may also 
produce images that are difficult for the SfM software to 
reconstruct.  If necessary, post processing should be 
completed by the user to avoid altering the images to a 
point where the software can no longer match images. 
 
For slot trenches, we have found that using a sturdy 
extendible paint pole with an affixed tripod adapter to 
attach the camera, coupled with a radio-controlled 
shutter switch on the camera, significantly reduces the 
time required to photograph the trench (Figure 1). For 
example, a recent trench on the Rodgers Creek fault 
measuring 23 m long by 3.7 m deep took approximately 
50 minutes to photograph one wall with approximately 
half the trench requiring a small amount of additional 
time to manage shading.  Avoiding the hassle of climbing 
up and down shores, moving boards, and awkward 
photography positions reduced photography time in half 
compared to what we anticipated for handheld 
photography.  Logs are printed in the field on 11x17 
photo paper using a Canon Pixma iX6820 inkjet printer 
which prints well and is relatively inexpensive to 
purchase.   
 
For field processing of SfM logs, a portable power pack or 
power inverter connected to a car battery can be helpful 
as Agisoft PhotoScan is a power-hungry software that 
quickly consumes laptop batteries.  Field processing is 
especially helpful when time is critical or the exposure 
location is remote.  A portable power source also 
facilitates printing of logs directly in the field. 

 
While often site and fault conditions limit how the trench  

is excavated, it is important to keep in the mind that 
straight trenches with vertical walls, or at the very least 
planar walls, are the quickest and least-problematic 
trenches to generate SfM-based photomosaics for.  
Trenches that curve and/or have irregular walls will be 
considerably more challenging to rectify.  This is because 
the SfM IBM are exported as orthorectified images 
projected onto a single x/y plane. As the wall becomes 
progressively more oblique to the projection plane, the 
rectified image becomes progressively more distorted.  
Large variations in trench azimuth are best managed with 
multiple orthophoto exports and subsequent stitching to 
complete a log that appears as a single plane.  If bends in 
the trench are required, for the sake of photomosaic 
development, it is best to excavate in linear sections 
rather than a continuous curve as each section can be 
exported with a single orthophoto defined by a single 
plane. Like other steps of the process, our photography 
method emphasizes efficiency.  The ultimate goal is to 
obtain the best log with the least number of acceptable 
photos as model processing times increase substantially 
with large photo sets or if photos are difficult to align. As 
noted above, for slot trenches we use a paint pole and 
remote to systematically photograph the trench in top-
to-bottom/bottom-to-top rows, maintaining a roughly 

 
Figure 1: Pole photography using a sturdy paint pole with 
camera attachment, radio remote, and camera with a 
variable-position (upturned) screen. 
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50% vertical and side-to-side overlap (utilizing the 
camera’s tilt screen to track movement).  Benched 
trenches are usually easier to photograph in rows.   
 
The standard rule is to achieve adequate coverage 
without overdoing it, as dealing with too many 
photographs 
consumes valuable time.  Conversely, taking too few 
photos will result in gaps in the mosaic that may require a 
significant effort to fill/repair.  To maintain color and 
exposure consistency, we lock the ISO sensitivity, white 
balance, and aperture before starting the photography 
session.  As in Reitman et al. (2015), we typically take an 
additional row of photos at the top and bottom of the 
trench for completeness. Fault zones are often 
photographed a second time as a way to provide 
additional photos in case the first set does not have 
adequate coverage.  This additional photo set generally 
does not increase processing time because it only used if 
there are gaps in the first set.  Lighting should be 
carefully controlled to avoid bright spots or sunlight on 
the camera lens as this may cause problems during SfM 
processing.  Photographing the exposure when shaded 
or cloudy is best and avoids high contrast exposures. We 
typically try to avoid taking overly oblique photos or 
photos that of anything outside the trench where 
possible as extraneous portions of photos will need to be 
cropped during processing.  Additionally, it is important 
to keep loose objects stationary and to avoid change 
from one image to the other. Notably, flagging with 
important sample or kinematic labels should be nailed to 
the wall if wind is present.  
 
Model processing and export closely follow the methods 

outlined by Reitman and Bennett (2015) with a few 
exceptions noted here.  We are meticulous about 
masking out extraneous portions of images such as 
excavation spoils, trees behind the trench, etc.  In 
PhotoScan, these masked-out sections are excluded 
using the “constrain features by mask” toggle in the 
“Align Photos” window.  This can dramatically improve 
processing times and has saved a number of our initially 
failed mosaics.  To export orthophotos, we use the native 
window and define the export plane based on markers, 
using those pre-determined for the x and y axes.  This 
makes the export orientation reproducible in case 
complete updates are necessary.  For benched trenches, 
we commonly export one log normal to the vertical risers 
and a second log (typically the opposite wall) at a slightly 
oblique angle that results in a nice 3-dimensional base 
that can still be used as a trench log (Figure 2). The export 
file type will default to TIF format which results in images 
that are often times hundreds of megabytes in size. We 
opt for JPEG or PNG images instead and have had no 
issues with either.  
 
The final steps to completing the mosaic are rectification 
of the log and export to a printable format.  We have 
worked with Illustrator, Photoshop, and ArcMap to 
complete these final tasks and ArcMap is by far the most 
accurate and efficient.  As in Reitman et al. (2015), we use 
the georeferencing tool to add control points based on 
grid nail coordinates.  However, we use the “spline” 
transformation method which allows all points to snap 
directly to their respective grid coordinates.  This 
transformation method is only active once a minimum of 
10 points are entered.  The ability to rectify the image to 
the exact coordinates or markers also allows for easy and 

 

Figure 2: SfM export options for benched paleoseismic investigations. (a).Standard export orientation using grid markers for a pre-
defined projection plane that is normal to the trench wall. (b). Optional oblique view of the benched exposure, provides additional 
context for contacts crossing benches or oblique walls, orthophoto typically exported using an abitrary projection plane. 
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seamless stitching of subsequent images.  Once 
complete, the desired grid (typically 0.5 or 1.0 m) is 
overlain on the rectified mosaic.  Final log export is 
accomplished with an 11x17 map document scaled to 
the desired output resolution. 
 
Troubleshooting Common Issues 
The following section addresses common photomosaic 
log production issues that regularly result in significant 
delays and lost field time.  These issues include patching 
in trench updates (after shore moves, additional 
excavation, and re-flagging), log production in trenches 
with bends, and lengthy model processing times. 
 
Additional photography and model updates are often 
necessary during the course of a paleoseismic 
investigation. Reasons may include further excavation, 
removal of shores in a fault zone, and significant updates 
to interpretations and flagging.  Where additional 
photography is necessary, care should be taken to 
minimize disturbance of the adjacent sections and/or 
overlapping tie points.  The updated section should be 
photographed with significant overlap of the original 
undisturbed sections. Without proper overlap, seamlessly 
incorporating the new log can be problematic. Care 
should also be taken to mimic the original lighting 
conditions as best as possible using proper shading and 
photographing at the same time of day.  Differences due 
to cloud cover and soil moisture and largely unavoidable 
but can be managed with Photoshop adjustments.  Once 
the new photo set has been processed and exported, we 
incorporate the image directly into the ArcMap 
rectification document using the “spline” transformation 
method outlined above.  Alternatively, the new log 
sections can be merged using Photoshop or directly into 
the existing SfM model, although these alternative 
methods are typically more time consuming and result in 
visible seams. 
 
As discussed in the workflow section above, trenches 
with bends present specific challenges with respect to 
log production. As each orthorectified log is exported 
from the SfM model using a given plane normal to the 
exposure, trenches with walls of variable azimuth will; (a) 
have sections that are exported oblique to that plane 
(requiring significant stretching), (b) be logged in 
individual sections, or (c) be presented as one log 
comprised of multiple stitched orthophotos.  Multi-
azimuthal trench walls intended as one exposure will use 
the latter method.  Each section is exported using a given 
set of x/y markers defining the specific export plane. 
Planning ahead here is helpful because determining 
which grid markers will be used to export each plane is 
more easily accomplished in the field rather than back at 
the office.  The resulting orthophotos are cropped to 

remove the unwanted sections and then rectified and 
merged in ArcMap using the spline interpolation (Figure 
3). If done correctly, the resulting log will be seamless and 
distortion from sections oblique to the orthophoto 
projection planes will be mitigated.  
 
Conclusions 
Paleoseismic exposures can be quickly, accurately, and 
seamlessly reconstructed in exceptional detail with 
careful planning and anticipation of common log 

production issues.  For even the most challenging of 
paleoseismic excavations, SfM-based photomosaics can 
be developed in a fraction of the time of traditional 
Photoshop-based methods.   
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Figure 3:  Working with bends in the exposure: (a) Map view 
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largely undetectable. 
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Abstract: This paper presents results of field work at the Dzhungarian Fault in the northernmost Tien Shan in East Kazakhstan. 
This right-lateral strike-slip fault is several hundred kilometres long; a fault scarp extends for more than 30 km in the central 
part of the fault. We surveyed offset morphological markers such as terrace risers and river terraces with DGPS and balloon 
surveys to produce high-resolution digital elevation models and to measure offsets. Abandoned surfaces were dated to estimate 
the timing of the last large surface rupture and to measure slip rates. We show that the fault probably generated a great 
earthquake few hundred years ago and that folding contributes to the overall deformation. Also, we discuss the challenges 
involved in dating methods and geomorphological analyses in an arid intracontinental setting. 

 
Key words: Tien Shan, paleoseismology, Dzhungarian Fault, surface rupture, folding 

 

 
INTRODUCTION 

 
Large strike-slip faults are a characteristic feature of Tien 
Shan tectonics. Yet little is known about their role in 
accommodating the N-S shortening between India and 
Eurasia, and in most cases slip rates are only estimates 
from satellite geodesy and GPS. We present results from 
our field work at the Dzhungarian Fault, which is situated 
in the northernmost Tien Shan. This right-lateral strike- 
slip fault is several hundred kilometres long and runs 
NW-SE. Its strike varies and is more northerly in the 
southern parts. Slip rate estimates range between 0.5--- 
3.9 mm/a for the Quaternary (Voytovich, 1965, 1969; 
England and Monar, 1997; Campbell et al., 2013). The 
f a u l t ’ s  earthquake history is unknown. 
The fault has a vertical component of motion, but the 
strong topographic contrast--- the Dzhungarian Ala-tau in 
the hanging wall vs. the Dzhungarian Gate in the 
footwall --- was most likely not solely caused by motion 
on this fault. Instead, E-W trending mountain ranges in 
the Dzhungarian Ala-tau imply that folding and faulting 
on E-W striking thrusts faults produced at least part of 
the topography (Campbell et al., 2013). England & 
Molnar (1997) estimate 1.4 - 0.7 mm/a shortening 
across the Dzhungarian Ala-tau from Quaternary slip rate 
data. 

 
We conducted a field campaign in 2015 and focused 
on three sites along the Dzhungarian Fault (Fig. 1). 
Each of these study areas exhibits geomorphologic 
evidence for Late Quaternary fault activity. Here we 
present first results from the two sites labelled 2 and 3 in 
Fig. 1. 

BEAR RIVER --- A SURFACE-RUPTURING EARTHQUAKE 
A FEW HUNDRED YEARS AGO? 

 
At the Bear River site close to Lake Alakol a large NE- 
facing fault scarp is present, offsetting alluvial and fluvial 
deposits (Fig. 2). Campbell et al. (2013) reported a total 

 

 
 

Fig. 1: The Dzhungarian Fault is a right-lateral strike- 
slip fault with a vertical component, marking the 
boundary between the Dzhungarian Ala-tau and the 
Kazakh Platform. Our three study sites are marked in 
red. Hill-shaded DEM from SRTM1 and ETOPO data. 

scarp length of ~32 km and a height of ~1.6 m. We 
investigated a well-preserved section of the scarp where 
an ephemeral streams drain the mountains in flash 
flood events. We used a helium balloon with an 
attached compact camera to take more than 1000 
aerial photos of the scarp. Ground control points were 
measured with DGPS.  Structure-from Motion  (SfM) was  
then  used  to 
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build a digital elevation model with 0.1 m resolution, and 
additional DGPS profiles were recorded across the scarp 
for comparison. The DEM is the light patch in Fig. 2a, and 
one representative DGPS profile is marked in black. Both 
DGPS and DEM data reveal ~8 m vertical and right-lateral 
offset at the lower scarp (Fig. 2A, lower panel, and Fig. 
2B). 

 

 
 

Fig. 2: Two scarps were found at location 2 and are 
marked by white triangles. (A) About 8 m vertical and 
8 m lateral offset, respectively, are preserved at the 
lower scarp. About 5 m vertical offset are visible at 
the upper scarp. Preliminary radiocarbon dating of 
the abandoned surfaces gave ages of ~0.4 ka for 
the lower scarp and around 4 ka for the upper 
scarp. Note the different scales of the axes. (B) 
View to the lower scarp. (C) View to the upper 
scarp. 

 
We dug several pits of ~1 m depth into the terraces in 
order to determine the age of their abandonment, which 
would allow us to estimate the time since the last 
earthquake. Flash-flood deposits consisting of coarse 
gravels were encountered. Unfortunately, no fine 
grained material for optical/infrared stimulated 
luminescence dating was found, and the lack of quartz 
cobbles did not allow us to date 10Be depth profiles. We 
found carbonate crusts at the lower sides of cobbles, 
which formed by carbonate precipitation during the 
onset of soil formation once an alluvial fan is 
abandoned, and the dating of these with U-Th series is 
underway. 
In the pit at the highest terrace on the hanging wall, we 
found two snails and one bone in two different layers 
0.7 m and 0.75 m below surface, respectively. While the 
bone was too small for radiocarbon dating, the shells 
yielded radiocarbon ages of ~300-400 years BP (Fig. 2A). 

This means that the terraces became inactive shortly 
after this, and probably a surface- rupturing earthquake 
produced the observed offsets a few hundred years ago. 
Although there is no historical account for such an event, 
this isn’t significant in this part of the world because the 
historical catalogue is notoriously short (cf. Campbell et 
al., 2015). 

 
Further mapping led to the discovery of a second 
fault scarp  ~1 km  upstream  in  the  mountains (Fig. 2A, 
C). This scarp also faces towards the NE, and has a 
vertical offset of ~5 m. No obvious lateral offset was 
found in the stream bed. The fault can be traced in the 
adjacent hills where, in addition to vertical offset, 
clear morphological hints for right-lateral motion were 
encountered.  We dug another pit into an abandoned 
gravel terrace, and again found no suitable material for 
10Be or OSL/IRSL dating, but the aforementioned 
carbonate rinds and one snail. The U-Th-series dating of 
the carbonate crust is currently being conducted, and 
the snail returned a radiocarbon age of ~4 ka BP. This 
implies that the offset occurred at some point after 4 ka. 
We also dated a recent snail specimen to test the 
influence of age inheritance, but found that a correction 
for this effect need not be applied. 

 
Without better age control we cannot say whether the 
upper and the lower scarp originate from different 
earthquakes. Our dating results leave room for the 
speculation that one earthquake ruptured both 
strands. Such behaviour has been described for other 
major events from the Tien Shan (Abdrakhmatov et al., 
2016) and elsewhere (e.g. Fletcher et al., 2014). 
However, it is also possible that we have found two 
independent events. A short thought experiment 
reveals that this possibility is well feasible: 8 m vertical 
and 8 m lateral slip give a total slip of ~11 m. If we 
assume that the slip rate of ~3 mm/a from England and 
Molnar (1997) is valid for our study site, then enough 
stress to be released in an ~11 m slip event would 
accumulate over ~3700 years. Interestingly, Campbell et 
al. (2015) report a strong surface-rupturing earthquake 
about 400 years ago for the Lepsy fault, the eastern 
end of which is only ~30 km away from the scarp that we 
investigated. 

 
 

TOKTY RIVER --- FAULTING, FOLDING, AND THE 
MORPHOLOGY OF TRANSPRESSIONAL MOTION 

 
The second site that we discuss is the Tokty River close 
to the border between Kazakhstan and China (Fig. 1), 
where the Dzhungarian Fault has a very clear surface 
expression. The fault trace is visible for dozens of 
kilometres. A linear set of springs emerges from the 
alluvial fans, vertically offset alluvial fans are found, and 
‘‘classical’’ strike-slip morphology including push-up 
ridges and small pull-apart structures are present. 
However, Late Quaternary/Holocene lateral motion is 
not very obvious, but seems to be preserved in some 
places. 
The most eye-catching feature is a push-up ridge SE of 
the Tokty River outlet (Fig. 3A, C) which rises up to 100 m 
above its surroundings. Directly adjacent to the NW an 
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elongated depression bordered by scarps facing towards 
each other appears to be a pull-apart feature (Fig. 3A, C). 
Such features within short distances are typically the 
result of a close-to-vertical strike slip fault with slight 
variations in strike that lead to local compression and 
extension (e.g., Hilley and Arrowsmith, 2008). 

 

 
 

Fig. 3: Deformation features at site 3. (A) Along fault 
strike we observe fault/fold scarps, folded terraces, 
probably a pull-apart structure and a push-up ridge. A 
second fault strand runs along the base of the 
mountain front. The elevation profile exhibits short- 
wavelength folding and offset of the alluvial fan (blue 
line). Note the different scales of the axes. (B) View 
towards the folded terrace where profile DZH1_7 is 
located. (C) View towards the push-up ridge with the 
graben features in front. 

 

At our study site, however, we also found evidence of 
vertical motion with uplift of the SW side of the fault. 
An alluvial fan is offset by several metres at the fault, 
and we observed short-wavelength folding in DGPS 
profiles that cross the fault perpendicularly. Fig. 3A 
(lower panel) shows an example of the surface 
deformation. The same pattern persists in a number of 
additional profiles parallel to the one presented here. 
Our observation indicates a SW- dipping thrust fault to 
have caused the morphology. This is somewhat at odds 
with the presence of the push-up ridge and the pull-
apart feature just a few hundred meters away along 
strike, but localised slip-partitioning and/or flower 
structures might explain these findings. 
A second, smaller fault scarp can be observed closer to 
the mountain front (Fig. 3A) and implies dip-slip 
dominated motion here. 

We attempted to date the age of the abandonment of 
the folded terraces in order to get an idea on the 
deformation rate at this site. Four pits were dug into the 
gravels with ~1 m depth each. Unfortunately, we did not 
encounter material suitable for radiocarbon, 10Be, or 
OSL/IRSL dating. We did find carbonate rinds at the 
underside of river cobbles which are currently being 
processed in a lab. 

 
 

DISCUSSION 
 

Our first study site, the Bear River, has probably recorded 
an earthquake with significant surface offset in very 
recent times. A puzzling observation is that Campbell et 
al. (2013) report a scarp height of around 1.6 m, while we 
observe up to 8 m vertical and horizontal displacement 
at our site. Further investigation will show if our site 
exhibits much higher offsets only due to some local 
anomalies like a deviation in fault strike. 
Another interesting find is that the earthquake occurred 
close to the one Campbell et al. (2015) reported from the 
nearby Lepsy Fault. Our preliminary dating suggests 
both quakes occurred around the same time. This gives 
rise to some speculation about a multiple-fault rupture. 
Alternatively, coulomb stress transfer from one fault to 
another might have caused both quakes to have 
happened within a short time interval. Mushketov & 
Orlov (1893) list a destructive earthquake that occurred 
in the Lake Balkhash area in the early 18th Century, which 
could mean that only one, but larger quake is more 
likely. However, the incomplete historical record has to 
be considered. In any case our study illustrates the limits 
of instrumental and historical catalogues in seismic 
hazard assessments. 
In interpreting our results, we are currently limited to the 
ages from the radiocarbon samples. A future comparison 
to the ages obtained from the U-Th series dating of the 
carbonate rinds will not only enhance our age control, 
but will also give interesting insights as to how this latter 
method can be applied to paleo-earthquake dating in 
semi-arid environments. We found such carbonate rinds 
to be abundant in Central Asian gravels, and we hope to 
exploit them as reliable age indicators in future 
trenching campaigns. 

 
Our second study site actually raises the same questions 
about Quaternary dating. Here we even more rely on 
the suitability of carbonate crusts to work as robust age 
control. 
The Tokty River site is also interesting from a structural 
geology point of view. How securely does the ‘‘classical’’ 
strike-slip morphology with push-up ridges and 
extension zones imply a (near-) vertical fault? How does 
this match our observation of persistent SW-side up fault 
motion and short-wavelength folding? What is the 
relative role of folding and faulting in accommodating 
shortening here? How effectively can a vertical fault take 
up shortening at all? Did we overlook hints for slip 
partitioning? 
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To answer these questions we will use stereo- satellite 
data to build a high-resolution DEM of the entire Kazakh 
part of the Dzhungarian Fault. These data will help us 
better constrain the relation between horizontal and 
vertical fault motion. We hope to better understand 
the overall deformation, and we would not be 
surprised if we found additional hints of young 
deformation away from the main fault trace. Currently, 
field work is somewhat limited by all the problems that 
come along with working close to international borders 
in Central Asia. 
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Abstract: This paper discusses paleoseismological investigations in the Tien Shan. We use two case studies to illustrate 
problems that confront research on active faults and seismic hazard. In the Tien Shan, large E-W striking thrust faults and 
conjugate strike-slip faults take up several mm/yr of distributed N-S shortening. Many of them are characterized by rather 
long recurrence intervals. Combined with major landscape modifications caused by Late Quaternary climatic changes, this makes 
the identification of active faults challenging. In our first case study we show how the geomorphological fingerprint of large, 
surface rupturing earthquakes can be obliterated by erosional events. In our second example we focus on a site in Kyrgyzstan 
where a MW7.2 earthquake produced discontinuous surface ruptures in 1992. Paleoseismological data reveal that surface 
ruptures on this very fault are much more complicated than thought, posing a challenge not only to understanding the active 
deformation, but also to evaluating seismic and surface-rupturing hazard. 
Key words: Tien Shan, paleoseismology, erosion, surface rupture 

 
 

INTRODUCTION 
 

Around 10-20 mm/yr o f  N-S shortening is 
accommodated in the Tien Shan (Abdrakhmatov et al., 
1996). Most of this deformation is taken up by E-W 
striking thrust faults. Seismicity is high and earthquakes 
of up to ~M8 have occurred in the past 150 years, but 
overall only a  few historical earthquakes have 
produced surface ruptures. Fault scarps are present in 
many locations, and they serve as primary evidence of 
fault activity. 

 
 

TORAIGYR FAULT --- LONG RECURRENCE INTERVALS 
AND THE PROBLEM OF EROSION 

 
Our first case study is the Toraigyr Fault NW of Lake Issyk 
Kul (Fig. 1) in Kazakhstan. This ~50-km- long thrust fault 
runs E-W, dips to the south and has a 25-km-long, 
discontinuous fault scarp that offsets alluvial fans as 
much as 2 m vertically. We mapped the entire fault, 
measured offsets with DGPS and produced a digital 
elevation model (DEM) from balloon aerial imagery 
using the Structure-from-Motion (SfM) technique 
(Grützner et al., in prep.). We found that besides the 
faulted alluvium T1, there are few isolated remains of 
older offset terrace levels with up to 12 m high scarps.  
Remnants of T2 are heavily eroded and do not expose 
clear faulting morphology (T2 in Fig. 2) 

 
 
 
 
 
 
 

Fig. 1: Our two case study areas in the Tien Shan. 
Hill-shaded DEM from SRTM1 data, Mercator 
projection 

The large number of active faults, the long earthquake 
recurrence intervals for individual faults, and the fast 
growth of population centres in Central Asia make this 
region an obvious target for paleoseismological 
studies. Earthquake geology in this region should be 
an easy job given the high deformation rates and the 
presence of climatic conditions that favour the 
preservation of deformation features in the landscape 
but, as always, it is not that simple. In this paper we 
highlight some possible pitfalls related to the 
investigation of active tectonics. 

 
 
 
 
 
 
 
 
  
 
 
 
 

 
 
 
 
 
 
 
 
 
Fig. 2: Two terrace levels T1 (lower) and T2 (upper) at 
the Toraigyr Fault. Background imagery: 1 m Kompsat 
data, DEM is from our own balloon survey and SfM. 
White lines indicate locations of elevation profiles, 
which we do not show here. 
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We excavated a paleoseismological trench across the 
fault to help constrain the timing of the last 
earthquake that produced the 2-m-high scarp. We found 
evidence for two paleoearthquakes in the trench (Fig. 3) 
that occurred on two closely spaced surface faults. Dates 
from Infrared Stimulated Luminescence (IRSL) and 
radiocarbon samples show that the last surface-
rupturing event occurred 3.5 - 7.3 ka BP. Based on the 
offset observed in the trench (Fig. 3) and the length of 
the rupture, we estimate that the earthquake had a 
magnitude of ~M7. 

 

 
 

Fig. 3: Trench reconstruction and dating results. We 
identified two surface-rupturing earthquakes in our 
trench. 

The penultimate event is evident from an offset gravel 
layer below an erosional unconformity. Our age control 
allows us to bracken it between 17.4 and 37.4 ka BP. We 
can only use the offset observed the trench (≥0.6 m; 
erosion might have erased evidence for more offset) as 
an input parameter to estimate a minimum 
magnitude for this earthquake. The paleomagnitude was 
probably > M6.5. 
We make two important observations here. First, 
recurrence intervals on single faults can easily exceed 
10,000 years, even in an area that is deforming as 
rapidly as the Tien Shan. Second, erosion has completely 
obliterated any surficial evidence of the penultimate 
event since 

our mapping showed that the 2-m-high scarp stems 
from the last earthquake. This landscape reset must 
have taken place between the two earthquakes, that is 
between 3.5-37.4 ka BP. It is astonishing that along the 
50 km of mapped fault, we found no morphological 
trace of the penultimate event. If the last surface-
rupturing event had not happened, no fault scarp would 
have testified to the presence of an active fault, even 
though a large earthquake had ruptured the surface in 
the last 37.4 ka. 

 
The lesson that we learn from these observations is that 
the absence of a fault scarp in our study area is not a 
sufficient condition to state that this fault is inactive. 

 
So far we can only speculate that the widespread 
landscape reset that we observe is due to an abrupt 
climatic change at the end of the last glacial maximum 
(LGM), although this is commonly assumed to have 
had a major impact on erosion and sedimentation 
rates. A test for this hypothesis would be the dating of 
many cumulative fault scarps in the region or an 
extensive trenching campaign. 

 
SUUSAMYR VALLEY --- VARIABILITY OF THE SURFACE 
RUPTURE PATTERN 

 
Our second study concerns the Suusamyr Valley in 
Kyrgyzstan (Fig. 1). In 1992 a crustal thrust earthquake 
with a magnitude of MS 7.3 shook the Suusamyr basin, 
and strong aftershocks occurred throughout the valley 
immediately after the main event (Mellors et al., 1997). 
The main shock or both the main shock and the 
aftershocks produced an interesting pattern of surface 
ruptures (Ghose et al., 1997; Fig. 4). Along the eastern 
part of the valley, ruptures were reported with less than 
1 m vertical offset for more than 3 km along a N-
dipping slope. Our, more accurate, measurements show 
that they are actually shorter than 3 km. 25 km to the 
east of this location, another surface rupture occurred 
in the Suusamyr River valley. These ruptures were more 
than 3 m high, but are only ~600 m long. 
If these quakes had happened few hundred years ago, 
21st century paleoseismologists would have an 
interesting puzzle to solve. Mapping and dating the 
ruptures would lead to results that allow for a certain 
degree of speculation. How many earthquakes did 
occur? Did erosion affect the area in between the two 
sets of ruptures? Should one trench there to search for 
the continuous rupture? What input parameters would 
be used for magnitude estimation à la Wells & 
Coppersmith (1994)? We do not aim to answer these 
questions here, but we present data that may help to 
better understand the uncertainties related to 
paleoseismology in such a setting. 
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Fig. 4: The Suusamyr study area in Kyrgyzstan, hill-shaded DEM from SRTM1 data. 

We mapped the area between the two surface ruptures 
and discovered a ~0.5 m high scarp north of an 
elongated ridge that parallels the Suusamyr River (Fig. 4). 
Large landslides were triggered along this ridge in 1992, 
and small grabens opened at its top, either due to 
coseismic shaking or due to folding. We surveyed the 
scarp with a drone and produced a DEM that clearly 
shows that the scarp is not an erosional feature 
(Ainscoe et al., in prep.). On a south-dipping slope the 
scarp faces to the north and offsets block fields that we 
ascribe to old flash flood events. 
We opened a short trench there and found evidence 
for at least two surface rupturing paleo-earthquakes (Fig. 
5). The older earthquake must have dammed one of the 
episodic streams that drain the mountain range, because 
fine grained, layered sediments ponded against large 
uplifted boulders. A later event deformed the layered, 
fine-grained sediments. The stratigraphically lowest of 
these sediments are around 5.5 ka BP. The undeformed 
cover is around 3.2 ka BP (both results from radiocarbon 
dating). This means we have evidence for two surface 
rupturing earthquakes within probably little more than 
6,000 years, in between the surface ruptures that were 
observed in 1992. 
These results show that the surface rupture pattern of 
these shallow thrust earthquakes can be highly variable 
in the Tien Shan. When we put together all of our data, 
we now have evidence for three surface rupturing 
events on the Suusamyr fault system --- two 
paleoearthquakes in the last ~5.5 ka and the 1992 MS7.3 
event. Our preliminary data suggest that the recurrence 
interval here might be less than 2 ka. 

 
 

DISCUSSION 
 

Our first example deals with the problem of erosion vs. 
tectonics in a seismic-active landscape. In the Tien Shan 
a large 

number of active faults take up the overall shortening. 
Relatively few individual slip rates are precisely known, 
but in general, they vary between a fraction and a few 
millimetres per year (e.g., Thompson et al., 2002; 
Campbell et al., 2013). The climatic conditions in large 
parts of Central Asia are favourable for preserving 
morphological evidence for active faulting over long 
periods, but we show that faults, which are probably 
rather slow, have recurrence intervals in exceedance of 
ten thousand years. Thus, surface offsets might be 
obliterated by pulses of erosion related to abrupt 
climatic changes. This bears an important lesson for 
seismic-hazard studies: Even in areas where one would 
commonly assume that the landscape can be easily read 
in terms of active fault mapping, the absence of faults 
scarps does not necessarily prove fault inactivity. One 
approach to solve this problem would be extensive 
trenching, but of course in an area like the Tien Shan 
(more than 2,000 km long and several hundreds of 
kilometres wide), one cannot easily trench all faults in 
order to find out which of them has been active in the 
Late Quaternary. A focus on the main faults combined 
with strain data from geodetic observations will help 
identify the fastest faults, but for seismic hazard studies 
this is often not sufficient. 

 
Our second study shows that surface-rupture patterns 
can be very complicated. This not only concerns the 
spatial distribution of ruptures that occur in one 
particular event, but also the location of ruptures in 
repeated earthquakes on the same fault system. This 
must be taken into account when estimating recurrence 
intervals, the magnitude of slip and stress release, and 
the assessment of paleo-magnitudes. In the Suusamyr 
case, the 1992 earthquake event would have gone 
unnoticed. The fact that not all ruptures reach the 
surface there may mean that it is a behaviour seen on 
other faults in the region, too. 
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Another interesting question is the temporal or 
mechanical relationship between earthquakes on either 
side of the Kyrgyz Range, especially since new paleo- 
earthquake data are now available from that area 
(Landgraf et al., in review). 

 

 
 

Fig. 5: Preliminary results from the trench that we 
opened in the Suusamyr Valley with evidence for at 
least two surface-rupturing  earthquakes in the last 
5.6 ka. 

Although these findings might be rather discouraging 
for paleoseismological studies, our results do also have 

bright side: paleoseismic trenching can at least help to 
narrow down the seismic history of such faults, and 
modern digital topography techniques like SfM or DEMs 
stereo satellite data can help to identify subtle evidence 
of active faulting that has been overlooked in the past. 
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Abstract: Fault characterization field campaign is being carried out in Krško, Slovenia, to provide input for probabilistic seismic 
hazard analysis (PSHA) for a new nuclear power plant. Herein, we present first results from geomorphic study, field structural-
geological mapping and geophysical survey targeting the Orlica Fault Zone and Artiče Structure. Orlica Fault Zone is a segmented 
and distributive transpressional fault zone. The Artiče Structure has been interpreted as north dipping reverse fault with fault 
propagation folding.  
 
Key words: neotectonics, transpression, nuclear, Krško, Slovenia 
 
 
INTRODUCTION 
 
The Krško Basin hosts critical nuclear infrastructure and is 
being investigated as a potential site for several 
engineering projects including a new nuclear power 
plant and a low and intermediate level radioactive waste 

repository. The Krško Basin lies at the transition between 
two structural domains: the Sava Folds to the NW and 
the Mid-Hungarian Shear Zone in the SE (Fig. 1). The 
basin generally coincides with the post-Miocene Krško 
Syncline, the southernmost part of the Sava Folds. It 
trends WSW-ENE and comprises folded Neogene and 

 
 

Fig. 1: Seismotectonic map of the Alps, Dinarides and Pannonian Basin contact zone. Instrumental seismicity (ANSS 
catalogue, 1976-2012), earthquake focal mechanisms (Bajc et al., 2001; Zupančič et al., 2001; Kastelic et al., 2006, 2008; 
Environmental Agency of Slovenia, yearly reports 2006-2012) and historical earthquake epicentres with estimated M > 5 
(Stucchi et al., 2013). Note that catalogue of focal mechanism is only complete for Slovenian territory.  
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Plio-Quaternary sediments overlying sedimentary 
Mesozoic basement rocks. Large scale N-S compression, 
driven by convergence between the Adriatic microplate 
and European plate, and complex interaction between 
different crustal blocks has led to a generally 
transpressional setting of the Krško Basin. Focal 
mechanisms from moderate and dispersed seismic 
activity demonstrate reverse to strike-slip fault motion. 
The strongest historical earthquake in the basin is the 
Mw 5.7 Brežice event in 1917 (Imax VIII EMS-98), while 
the strongest documented event in the region 
(epicenter 40 km SE) was the 1880 Zagreb earthquake, 
which had an estimated Mw 6.0 (Imax IX EMS-98).   
 
In the northern limb of the Krško Syncline (also southern 
limb of the Orlica Anticline), two structures appear to 
exhibit post-Miocene faulting: the Orlica Fault Zone and 
the Artiče Structure (Fig. 2). These are the particular 
focus of a field campaign designed to characterize faults 
for a probabilistic seismic hazard analysis that will be 
carried out for the proposed NPP. Building upon 
numerous previous studies (e.g. Persoglia et al., 2000; 
Geomatrix, 2004; GeoZS, 2010; Rizzo, 2013), we 
performed morphotectonic analysis based on LiDAR 
data, field reconnaissance mapping, HRS survey, borings 
and shallow geophysical surveys.  

 

FIELD MAPPING OF ORLICA FAULT ZONE 
 
Detailed geomorphic analysis based on LiDAR data using 
a suite of techniques are presented in the accompanying 
contribution for this meeting (Cline et al., 2016).  
Together with field geomorphic and structural 
geological reconnaissance mapping we identified 
numerous fault traces with surface expressions forming 
the northeasternmost part of the Orlica Fault Zone (Fig. 
3). Many of the mapped lineaments show strong 
evidence of faulting, based on field evidence that 
includes the presence of slickensides, brecciated rock, 
fault gouge, observations of displaced rock, and other 
tectonic indicators. Presently, these structures can only 
be mapped within the bedrock; thus, age determination 
is extremely limited. Observation of faults is limited to 
Miocene and older rocks.  
 
Our results suggest the Orlica Fault Zone is a highly 
segmented zone running mostly within the Orlica Hills, 
which consists of numerous SW-NE-striking left-lateral 
faults, and WSW-ENE-striking reverse faults.  Based on 
reconnaissance mapping and lineament analysis, the 
longest single fault segment observed at the surface is 
approximately 3 km long. 

 
MOUNTAIN FRONT SINUOSITY ANALYSIS OF ARTIČE 
SCARP 
 
The Artiče Structure (AS) coincides with the presence of 
an escarpment that forms the boundary between the 
Bizeljsko Hills and the Krško Basin.  The scarp’s origin is 
not well understood for a number of reasons.  For the 
scarp to be an erosional remnant that is fluvial in origin, 
a significant axial drainage system along the scarp front 
would be required, but no clear evidence of such a 
system exists. To provide a geomorphic context on scarp 
linearity, mountain-front sinuosity analysis was 
performed along the mapped trace of the AS to 
differentiate the potential roles that tectonics and 
climate have played in the origin of the scarp. Mountain-
front sinuosity provides a proxy measurement for 
relative tectonic deformation rates, provided that the 

 
 
Fig. 2: Tectonic model of the Krško Basin and the 
extended site vicinity area (GeoZS, 2010). 1-Gric fault, 2-
Orlica fault, 3-Rakovnik-Dobe fault, 4-Mali Ban fault, 5-
Kocarija fault, 6-Podstrm fault, 7-Zabjek fault, 8-Studena 
fault, 9-Ostrc fault, 10-Poštena vas fault, 11-Čatež-Brvi 
structural zone, 12-Goli Cirnik fault, 13-Koritno fault, 14-
Ribnica fault, 15-Jesenice fault, 16-Artiče fault/flexure, 
17-Lokavec fault system, 18-Senuša fault, 19-Libna fault, 
20-Močnik fault1, 21-Moćnik fault2, 22-Sromljica fault, 23-
Gabrnica fault, 24-Trsnjak fault, 25-Dramlja fault, 34 – 
Brežice flexure.  

 
 
Fig. 3: Northeasternmost part of the Orlica Fault Zone. 
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mountain front is derived from a tectonic origin as 
opposed to other processes that may develop a straight 
mountain front (e.g., fluvial erosion by axial drainage). 
This is a quantitative geomorphic method that assesses 
the level of activity at the mountain front; the mountain 
front is defined as the transition from range to piedmont 
(Bull and McFadden, 1977; Silva et al., 2003; Bull, 2007). 
The mountain-front sinuosity index (Smf) is defined as 
the ratio between the length of the mountain front 
along its base (Lmf) and the straight-line length of the 
mountain front (Ls). The lateral trace of the Lmf occurs at 
the peak convexity of slope curvature, i.e., the slope 
break (Bull and McFadden, 1977). 
 
For this study, the slope break at the base of the Artiče 
scarp and flood plains within the tributary valleys 
upstream were used to define the mountain front, MF1, 
which extends for 24.5 km (Fig. 4).  MF1 also includes the 
valley floors of axial watersheds, although inclusion of 
the valley floors of larger tributaries can produce 
unnecessarily large values of mountain-front sinuosity 
index (Smf) if aggradation rates are high (Bull, 2007).  To 
avoid these effects, the broad tributary valley floors (e.g., 
>third-order Strahler drainages) were omitted from the 
analysis, and only the undissected valley fronts were 
used. MF1 was separated into four segments ranging 
from 1.7 km to 5.3 km in length (Fig. 4).  

 
Results are presented in Table 1.  The Smf 2.68 for the 
whole MF1 would correspond to Bull and McFadden’s 
(1977) Class 2 or Class 3 mountain fronts, indicating, low 
rates of tectonic deformation, or inactive mountain 
fronts, whereas particular segments of MF1 have Smf 
values between 1.09 and 1.80, which corresponds to Bull 
and McFadden’s (1977) Class 1 and Class 2, active and 
moderate-to-slightly active mountain fronts, 
respectively.  These results suggest that the escarpment 
may be of tectonic origin. However, some other 
geomorphological techniques applied on Artiče scarp do 
not necessarily support the escarpments tectonic origin 
(Rizzo, 2013; Cline et al., 2016).   
 
HIGH RESOLUTION SEISMIC REFLECTION SURVEY 
 
A “ultra” high-resolution seismic reflection survey was 
conducted on the Artiče Structure (AS), the Orlica Fault 
Zone (OFZ) and the minor Sromljica and Gabrnica faults. 
The survey was done using a 240-channel system and 40 

Hz or 100 Hz geophones, with a 12-gauge seismic 
shotgun as the primary seismic source and a weight 
drop as a secondary source. A field test was initially 
performed to demonstrate the applicability of the ultra 
HRS methodology to demonstrate the high 
resolution/quality of acquisition parameter values. All 
seismic lines produced high-quality data with a very 
broad frequency spectrum, providing high vertical 
resolution and high signal-to-noise ratio. 
 
Previous deeper seismic reflection profiles (Persoglia, 
2000) indicated the AS is a blind reverse fault with the 
fault tip at 600-800 m depth, with deformation being 
accommodated in a wide fault propagation fold in the 
softer sediments (Pannonian marls, Pontian sands, i.e. 
Late Miocene) closer to the surface (Rokavec and Markič, 
2002). The shallow HRS survey imaged the upper 300 m 
of the fault propagation fold, indicating minor fracturing 
within Pontian strata (uppermost Miocene), particularly 
the coal seams, and folding of PlioQuaternary sediments 
(Fig. 5). The fault propagation fold is of post-Pontian 
inception (< 5,3 Ma).  
 
The HRS profile on the OFZ approximately 5 km west of 
the NPP produced important new structural constraints. 
Previous deeper seismic reflection profiles (Persoglia, 
2000) produced comparatively poor data in the OFZ, but 
hinted at the presence of a strike-slip zone with minor 
vertical offsets apparent in the Badenian (middle 
Miocene) limestone reflectors. The new HRS profile 
indicated a likely south-vergent reverse main fault, with 
the fault tip at possibly ~200 m depth and indications of 
a narrow fault propagation fold extending upward (Fig. 
5). North of the main fault a prominent north-vergent 
backthrust was imaged, reaching shallower than 100 m.  
This geometry is only indicated at the location of HRS 
Mrtvi potok profile, while northeastward the OFZ 
consists of strike-slip and reverse segments. The near-
surface extension of OFZ is being investigated with 
shallower geophysical methods. 
 
DISCUSSION AND CONCLUSIONS 
 
The results described here indicate that the OFZ is more 
segmented than previously thought and depicted on 
published maps. The segmented nature of the fault zone 
may affect how it is modelled in seismic hazard analysis. 

 
 
Fig. 4: Mountain front line of Artiče Scarp. Green+blue line 
is MF1 including valleys. Blue lines are segments of MF1.   

Lmf [m] Ls [m] Smf Notes Activity Class 

24540 9151 2.68 
Along the 
whole MF1 

2 or 3 

2500 1873 1.33 Segment 1 1 

2500 1892 1.32 Segment 2 1 

1700 1561 1.09 Segment 3 1 

5340 2966 1.80 Segment 4 2 

 
Tab. 1: Results of mountain-front sinuosity analysis. 
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Earthquake magnitude is often estimated from the 
length of fault rupture.  If the OFZ is modelled as a 
seismic source, the range of earthquake magnitudes it 
produces may be reduced if fault segmentation limits 
the extent of individual ruptures.   
 
The results of mountain-front sinuosity analysis suggest 
the AS is undergoing low rates of deformation. The HRS 
campaign indicated the AS is a WSW-ENE-striking north-
dipping reverse fault, extending into the near-surface as 
a fault propagation fold. Two potential paleoseismic 
sites were indicated, to be further targeted by shallower 
ERT, VES and SRT campaigns. 
 
The HRS campaign provided important new constraints 
on the Orlica Fault Zone west of the NPP. Where 
previous geophysics hinted at a wide strike-slip zone, the 
HRS profile clearly indicated significant reverse 
components.  
 
For both, AS and OFZ the youngest deformation is of 
post-Pontian age (< 5,3 Ma) and age dating campaign 
together with shallow geophysical campaign is ongoing 
to provide accurate estimation of latest movements. 
Moreover, morphotectonic mapping and shallow 
geophysical profiling (ERT, VES and SRT) identified 
several sites appropriate for paleoseismic trenching, 
which is undergoing this year.  
 
The study presented here is part of an integrated 
program to identify and characterize faults in the vicinity 
of Krško. The integrated results and conclusions of field 
campaign will support the update of the seismotectonic 
model for the Krško Basin. The seismotectonic model will 
form part of the basis for a seismic source 
characterization model for the updated Krško PSHA. 
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Fig. 5: HRS Artiče B across Artiče Structure and HRS Mrtvi potok across Orlica Fault Zone.  
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Abstract: The region around Wadakkancheri, in the province of Kerala, India, has been a site of microseismic activity. 
Geological studies have mapped a NW-SE trending 30 km long south dipping structure and identified a brittle fault zone having 
multiple fracture sets and slip planes with slicken sides and clay gouges. Four faulting episodes are recognized based on the 
sequential development of different structural elements in the fault rocks. The fault zone shows a possible characteristic slip of 
52 cm, where the gouge records a major neotectonic event. The empirical relationships between fault length and slip show that 
this fault might have generated events M≥6. The study further identified paleoseismic evidences in the form of sand dikes in the 
southwestern side of the fault. The present study is a pointer for exploring the discrete active faults in slow deforming cratonic 
hinterlands, which is vital for seismic hazard assessment for critical infrastructural facilities. 
 
 
Key words: Palghat Gap, Geomorphic anomaly, Brittle faulting, Episodic deformation, Paleoliquefaction. 
 
 
The region around Wadakkancheri (Fig. 1), a part of 
Precambrian Palghat–Cauvery shear zone in the province 
of Kerala, India had not been affected by any major 
earthquakes in the historical past. However, since 1989, a 
number of low magnitude earthquakes occurred around 
Wadakkancheri area. A light earthquake (ML 4.3) 
occurred near Wadakkancheri on December 2, 1994 
caused widespread panic as it induced slight damages 
(Rajendran & Rajendran, 1995). This earthquake 
generated minor damage to buildings around the epicentral 
area and is mostly confined to south of Bharathapuzha 
River (Fig. 1). The present studies are based on the 
observations from various active fault and paleoseismic 
investigations carried out worldwide.   
 

 
Fig. 1 Map showing locations of regional seismicity, shaded 
portion is Palghat Gap;. study area marked with a rectangle. 
 
The study area lies on the southern flank of the ‘Palghat 
gap’ (Fig. 1), a conspicuous E–W-trending linear valley 
developed within the Proterozoic granulite terrain in South 
India (e.g. Arogyaswami, 1962; Drury et al., 1984). The 
west-flowing Bharathapuzha River, occupies the central 
part of the Gap area (Fig. 2). Regionally, the overall 
compressive style of Late Proterozoic deformation (900–
550 Ma) is preserved in the exhumed low-mid-crustal 
basement. The youngest deformation dated associated with 
the shear zone is around 895±17 Ma (Bhaskar Rao et al., 

2006). The higher levels of the crystalline basement are 
occasionally covered by lateritic regolith and the terraces 
adjoining the southern riverbank are made up of older 
alluvium (John, 2003). 

 
Fig. 2 Detailed view of the study area. The green dot incicate the 
area shown in figure 4. 
 
The drainage system of the area is mostly controlled by the 
regionally dominant E–W lineaments associated with the 
shear zone (John & Rajendran 2008). The main reach of 
the river follows one such linear feature until it approaches 
Desamangalam, the site of the 1994 Wadakkancheri 
earthquake (Fig. 2), where it takes a right angled turn, and 
follows a NW–SE trend. Morphometric analysis shows a 
preferred direction of tilt in hanging wall block towards 
south (Fig.3). The anomalous zones identified from the 
analysis of symmetry factors are consistent with the NW-
SE structure. The ratio of valley floor width to valley 
height (Vf) calculated for different reaches indicate that 
the NW-SE segment of the Bharathapuzha shows 
relatively narrow valley in comparison to the upper 
reaches of the river (John & Rajendran 2008). Analysis of 
satellite image combined with field verification indicates 
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that the drainage channels in the hanging wall were shifted 
from their original course, forming paleochannels. There is 
also a waterfall observed (Fig. 4) associated with the NW-
SE trending structure near the fault zone exposed at 
Desamangalam. Most of the aftershocks detected by India 
Meteorological Department network (IMD, 1995) 
subsequent to 1994 earthquaes are also located close to the 
structure (Fig. 3). 

 
Fig. 3. Sketch showing the locations of geomorphic anomalies and 
the WNW-ESE fault. Dashed lines are isoseismals of 1994 
earthquakes. Arrows (not to scale) indicate the direction of 
stream anomalies (shift) deduced from drainage pattern, 
paleochannels and morphometric analysis. (Modified after John 
and Rajendran 2008) 
 

 
 
Fig. 4 Google earth image showing locations described in the 
text; closely spaced joint development, waterfall and fault zone 
(Courtesy www.google.earth.com). 
 
The fault zone is 6 m-wide and coincides with the foliation 
that strikes NW–SE with a dip of 45°S (Fig. 5). The fault 
zone in the bedrock consists of a major slip plane with a 
gouge and two sub parallel fractures.  
 
 

Fig.5  Schematic diagram representing the fault zone; F2: main 
fault; F1 and F2: fractures V1 and V2: pegmatitic veins.  
(Modified after John and Rajendran, 2009) 
 
Textural and mineralogical studies identified distinct 
gouge zones (John and Rajendran 2009). These gouge 
zones show a wide range of secondary minerals namely, 
chlorite, muscovite, clinoptilolite and montmorillonite. It 
is possible that each of these minerals might have formed 
during the faulting events at different temperature 
conditions. Close to the principal slip plane, the host rock 
appears to have been comminuted and the original bulk 
fabric is completely disturbed, thus generating the gouge 
material. Most of the fractures within the damaged zone 
are in sealed condition, filled with either green colored or 
white colored material resulted from secondary 
mineralization. Detailed macroscopic examination of 
fracture fills reveals that there are different types of 
fractures (John & Rajendran 2009). The different gouge 
types and fracture fills can be attributed to different 
episodes of deformation, an inference based on the 
mineralogy and cross-cutting relations (John & Rajendran 
2009). Electron Spin Resonance (ESR) dating of quartz 
grains isolated from the unconsolidated gouge yielded a 
Middle-Quaternary date of 430± 43 ka for the last event 
(Rao et al., 2002). 
 
A total displacement of 2.1 m along the plane of the fault 
is measured in the reverse direction based on the 
dislocation of pegmatitic veins. Based on the cross cutting 
relations of fractures and different gouge zones four 
different faulting episodes are recognised. 
 
Several trenches were excavated in the paleochannels to 
find out seismogenic features, if any. Close to the sea 
where water accumulates in the rainy season show thick 
clay up to 2-3 m whereas much inland few trenches shows 
presence of riverine sand, some trenches shows the 
overlying sediments are very thin. In the present study the 
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dikes are formed from a deeper level (source more than 3 
m below) and are abundant in  15 km wide zone (John et 
al., 2014). The dikes identified shows very thick tabular to 
thin tubular in shape (Fig. 6 &7). All the criteria to 
confirm these as formed due to seismic shaking 
(Obermeier, 2009) were evaluated. 
 

 
 
Fig. 6 The western wall of the 4 m deep well showing sand 
injected upwards through weathered sediments. Note the 
overlying material is recent dumped material. 
 

 
 
Fig. 7 close up of the sand dike observed in on of the trench 
 
The discovery of liquefaction features is first of its kind 
reported from Peninsular India, other than Kutch region. 
 
Historical and recent data suggest that a few earthquakes 
have occurred elsewhere in the vicinity of Palghat Gap 
between 1865 and 2007, including a probable moderate 

event near Coimbatore in 1900 (Rajendran et al., 2009 Fig. 
1). With this limited data we tried to find out the possible 
magnitude of earthquake that might have produced by this 
fault. Initially we used empirical relationship developed by 
Wells & Coppersmith (1994) between moment magnitude 
(Mw) and surface rupture length (SRL). 

Mw = 5.08 + 1.6 Log (SRL) 
Based on this relation, this fault that could rupture up to a 
length of 30 km may produce an earthquake of magnitude 
above 6.7. 
 
For an earthquake of M=6.0, the average slip and ruptura 
length are calculated to be 40 cm and 10 km, respectively 
Sibson (1989). The present study shows a cumulative 
displacement of 2.1 m, at the fault exposure, produced by 
at least four episodes of faulting. That means an 
approximate of 52 cm of slip in each event if we consider 
the fault shows a characteristic slip at this location, which 
according to the Sibson (1989) might have associated with 
an earthquake of magnitude M>6. 
 
The Empirical relation (Wells & Coppersmith 1994), 
between average displacement (AD) and magnitude (Mw) 
as follows.  

Mw = 6.93 + 0.82 log (AD) 
Based on this relation, an average displacement of 52 cm 
would produce an event of magnitude ~6.6, which could 
be damaging event for the area. Investigations of the 
surface rupture of Peninsular India earthquake at Killari 
(Mw 6.3) indicate a maximum near surface slip of 80 cm 
and an average slip of 50 cm (Rajendran et al., 1996). 
 
The minimum earthquake magnitude to form liquefaction 
features in most field settings is about moment magnitude 
M 5.5 (Ambraseys, 1988; Carter & Seed, 1988). The 
liquefaction features identified in the present study 
indicate that the dikes are cutting more than 3m thick 
overlying sediments. This may imply that the M>6 is 
required to produce liquefaction of this scale near the 
epicentral area.  
 
The present study shows that the subtle expressions of 
active faults within a discretely reactivated ancient shear 
zone of the Indian peninsular shield can be identified in 
the field using a combination of geological tools. The 
study initially identified a prominent NW–SE lineament 
and the geomorphic anomalies associated with that 
structure, which forced the local river to follow anomalous 
courses at Desamangalam, a site also known for recent 
spate of low magnitude earthquakes. The evidence of 
brittle faulting was obtained in a quarry section exposed in 
the NW–SE-trending hillock within the seismic source 
zone. The field and laboratory data show that the faulting 
at this site is a product of cumulative deformation 
episodes. Our evaluation based on the fault length and slip 
suggests that the failure of this fault can produce a 
maximum magnitude close to 6.5. Since, the local low 
level seismic activity can be related to this fault, the 
evidence of paleoliquefaction features may confirm the 
seismic potential of the fault.  
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Abstract: The Petersen Mountain fault zone is a Quaternary active, normal fault system that bounds the eastern side of 

Petersen Mountain between the Cold Springs and Red Rock Valleys, northwest of Reno, Nevada.  In this area, a series of small 

fault-bounded basins extends between the Sierra Nevada frontal fault system in the west and the northern Walker Lane in the 

east, collectively accommodating dextral oblique extension.  Evidence for late Quaternary deformation includes offset alluvial 

fan and lacustrine deposits, as well as abrupt range-front escarpments; however the paleoseismic history of the fault is 

unconstrained.  Here,, I compile reconnaissance-level geologic observations describing the faults geomorphic expression and 

age of faulted surficial deposits.  The objective of this effort is to identify future paleoseismic research sites to better 

characterize the fault’s source parameters and refine regional seismic hazard models.  Preliminary observations indicate the 

occurrence of at least one latest Pleistocene earthquake and several viable future research sites. 

 
Key words: Walker Lane, orthophoto mosaic, geomorphology, fault mapping, seismic hazards 

 
 
Introduction 
 
The Petersen Mountain fault bounds the eastern side of the 

complexly faulted Petersen Mountain horst block and is 

the westernmost structure in a series of generally north-

striking east-dipping faults which bound basins 

collectively known as the “North Valleys” of Reno, 

Nevada in the western Basin and Range province, USA 

(Figure 1).  In this region, approximately 15-25% of the 

Pacific/North American plate boundary strain is 

accomodated east of the Sierra Nevada through a 

combination of normal oblique (dextral) slip on  the Sierra 

Nevada frontal fault system and dextral slip along faults in 

the northern Walker Lane.  The North Valleys extend 

between these two major tectonic elements, and late 

Quaternary deformation on the basin bounding faults 

accommodates oblique extension and vertical thinning 

(Faulds, 2005).  Thus, the North Valleys represent a zone 

of strain transfer and active faulting. 

 
Geologic and geodetic studies indicate that up to 7 mm/yr 

of dextral shear is distributed across the northern Walker 

Lane (Hammond et al., 2011; Turner et al., 2008; Gold et 

al., 2013).  Slip rate estimates for the Sierra Nevada frontal 

fault system range between 0.4-1.0 mm/yr (Ramelli et al., 

2003; Hammond et al., 2011).  Geodetic studies of the 

North Valleys estimate that north striking faults 

collectively accommodate 0.9-1.2 mm/yr of extension and 

<0.3 mm/yr of dextral slip, with the Petersen Mountain 

fault zone accommodating ~0.4 mm/yr of extension and 

0.1 mm/yr of dextral slip (Bormann, 2013).  The North 

Valleys lack geologic estimates of slip rate and few 

paleoseismic studies have been conducted.  These prior 

paleoseismic studies have been limited to poorly 

documented shallow trench excavations and constraints on 

the age of the most recent event, past event offsets, and 

recurrence intervals are not available.  Despite the general 

lack of paleoseismic and slip rate constraints, the 2014 

update of the National Seismic Hazard Map (NSHM) 

included faults of the North Valleys using modeled slip 

rates ranging between 0.07 and 0.1 mm/yr (Petersen et al., 

2014).  
 
The Nevada Bureau of Mines and Geology (NBMG) has 

begun a multi-year regional effort to better characterize 

faults within the North Valleys.  This effort includes  

 

neotectonic and geomorphic mapping, paleoseismic 

trenching, and dating of displaced Quaternary deposits.  

The ultimate goal of these studies is to provide geologic 

information to refine regional seismic hazard models.  

 
Lidar data recently became available along many of the 

faults in the Reno área, however, only the extreme 

northern and southern parts of the Petersen Mountain fault 

zone are covered in this dataset.  The utility of the lidar 

data along the southern part of the Petersen Mountain fault 

is limited due to extensive urban development and 

topographic modification that has obscured the 

geomorphic expression of the fault. Recent advances in 

photogrammetric image processing techniques allow for 

 
 
Fig. 1: Regional map showing Quaternary active faults 
in the North Valleys of Reno, Nevada . PMFZ, 
Petersen Mountain fault zone; RRV, Red Rock Valley; 
CSV, Cold Springs Valley; SLM, Seven Lakes 
Mountain. 
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the production of 3-dimensional photomosaics and digital 

elevation models from aerial imagery.  A pre-development 

3-dimensional photomosaic was produced using low sun 

angle 1:12,000 scale black and white air photos from the 

1970’s processed in AgiSoft photoscan software (Figure 

2).  This model was used to interpret the overall 

geomorphic expression and continuity of fault scarps and 

the distribution of late Quaternary deposits along the 

southern Petersen Mountain fault zone (Figure 3).  Here, I 

briefly summarize previous mapping and geologic 

investigations along the fault and present the results of this 

initial reconnaissance Quaternary geologic mapping effort.       

 
 
 
 

 
 Fig. 2: Orthophoto mosaic of the southern Petersen Mountain 

fault zone generated by AgiSoft photoscan. 

 
 

 

 

 

RESULTS AND DISCUSSION 

 

The 25-km-long, north-trending Petersen Mountain fault 

zone bounds the eastern flank of the Petersen Mountains 

and extends northward from Cold Springs Valley to Red 

Rock Valley where it terminates against the northwest 

trending Seven Lakes Mountain (Figure 1).  Down to the 

east normal displacement along the fault has tilted the 

Petersen Mountains to the west and has generated over 500 

m of topographic relief.  Quaternary active traces of the 

fault were originally mapped by Soeller and Nielsen 

(1980) and Bell (1984).  The southern part of the fault 

zone in the vicinity of Cold Springs Valley consists of a 

singular trace characterized by a prominent over-steepened 

range-front escarpment that juxtaposes bedrock against 

Quaternary alluvial deposits and basal colluvium (Figure 

2).  The northern part of the fault zone consists of a 

western and an eastern strand (Figure 1).  The western 

strand extends across the western 
 
 

 
Fig. 3: Quaternary geologic map of the southern Petersen 

Mountain fault zone. 
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margin of a short linear inter-mountain valley filled by a 

Tertiary granitic pediment and becomes a steep faceted 

range-front to the north.  Despite the steep range-front the 

western strand does not displace late Quaternary deposits 

along the northern end of the fault.  The eastern strand 

bounds a smaller sub-parallel range, is characterized by 

discontinuous escarpments in late Quaternary alluvial fan 

deposits, and has created the Red Rock Valley alluvial 

basin. 
 
The only previous paleoseismic investigation of the fault 

was conducted by Nitchman (1991).  This study identified 

a 3-km-long scarp that cuts a late Pleistocene alluvial fan 

along the northern part of the fault (eastern trace).  A 

profile measured by Nitchman across this scarp indicates 

that the fan surface has been displaced 5.5 to 6 meters.  

Nitchman (1991) also measured a profile and excavated a 

small trench by hand across the fault where it cuts 

lacustrine deposits at the southern-most extent of the fault 

in Cold Springs Valley along Cold Springs Road (Figure 

2).  There, the scarp is 2.8 meters high.  The trench 

exposed two steeply east dipping fault planes that 

juxtapose sand against warped lacustrine deltaic strata 

(Figure 4).  The results of the investigation were never 

formally published, but are archived at the Nevada Bureau 

of Mines and Geology.  Information on the history of 

events and the age of faulted deposits was not evaluated.   
 
The scarp investigated by Nitchman (1991) is clearly 

evident on 1:12,000 low sun angle aerial photographs 

taken during the 1970’s (Figure 2), however, this scarp has 

been removed by housing development and is no longer 

available to conduct additional paleoseismic studies.  To 

search for viable paleoseismic sites, new Quaternary 

geologic mapping along the southern part of the fault was 

conducted using a 3D orthophoto mosaic created from the 

1970’s low sun angle photography (Figure 3).  The 

mapping indicates that lacustrine deposits are weakly 

developed around the perimeter of the Cold Springs Valley 

basin, and subtle beach ridges at the northern side of the 

basin are offset by the fault scarp trenched by Nitchman 

(1991).  Although the age of the lacustrine deposits has not 

been determined, paleo Lake Laughton occupied the 

internally drained Cold Springs basin in the late 

Pleistocene and reached a maximum elevation of 1575 

meters (Miflin and Wheat, 1979).  Based on comparison of 

the morphology and preservation of the shoreline features 

in Cold Springs Valley with other better studied pluvial 

lake deposits in western Nevada, I infer that the timing of 

dessication was similar to that of pluvial Lake Lahontan 

which dessicated after 13 ka (Adams and Wesnousky, 

1999).  Thus, the Quaternary geologic relations suggest the 

occurrence of at least one latest Pleistocene earthquake 

along the Petersen Mountain fault zone. 

 

 
Fig. 4: Paleoseismic trench log redrafted from Nitchman (1991). 

 

 
Additional mapping observations indicate that young 

alluvial fan deposits that cross the fault are not displaced 

(Figure 3).  The surface trace of the fault along the range-

front is sinuous and has an over-steepened basal 

escarpment in bedrock that appears to be of similar size to 

the 2.8-m-high scarp along Cold Springs Road.  At one 

location where the range-front bends to the west, the fault 

projects across a late Pleistocene fan.  The fault is clearly 

expressed on the fan surface as a dissected scarp for about 

a kilometer.  The fan on the down thrown side of the fault 

has a smooth surface morphology and is buried by younger 

alluvial deposits.  Upslope of the scarp, the fan surface is 

deeply incised.  Although the age of this fan is unknown, 

the surface morphology suggests that it is at least several 

tens of thousands of years old and possibly much older.  

Due to the general lack of offset alluvial deposits along the 

fault, this fan represents a viable target for future 

investigation including fault trenching, offset 

measurement, and dating of the age of the surface.  Future 

air photo interpretation and field surveys will serve to 

better characterize the Petersen Mountain fault zone and 

contribute to refining regional seismic hazard models. 

 

CONCLUSION 

 

The Petersen Mountain fault zone is an active normal fault 

in the North Valleys area north of Reno, NV and acts to 

transfer oblique dextral strain from the Sierra Nevada 

frontal fault system to the northern Walker Lane.  

Quaternary geologic mapping along the southern part of 

the fault zone indicates the occurrence of at least one latest 

Pleistocene earthquake that offset beach deposits 

associated with pluvial Lake Laughton.  The discontinuous 

expression of fault scarps along the range-front indicates 

that the fault is characterized by long recurrence times.  An 

offset late Pleistocene alluvial fan deposit in northern Cold 

Springs Valley may provide a viable site for future 

paleoseismic research aimed at better characterizing the 

slip rate across the fault.   
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Fig. 1: Simplified active fault map of the South Island, New 
Zealand highlighting the Alpine Fault and faults of the 
Marlborough Fault System (MFS, in Inset). F-W is the 
Franz-Whataroa lidar (in bold) acquired along the 
centralmost Alpine Fault. 
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Figure 2: The northern South Island highlighting recent lidar 
acquisitions within the Marlborough Fault System and 
northern Alpine Fault. Sources: Council (blue), NSF (red), 
Hazards Platform (black), French (white), EQC (yellow).



 

 
 

 
 
Fig. 3: The town of Franz Josef on the west coast of the 
South Island. The Fault Avoidance Zone (FAZ) for the 
Alpine Fault is the pink band that defines an area subject to 
ground surface fault displacement. The FAZ is 100 m wide 
and is asymmetrically defined about the fault traces (in red); 
wider on the hanging wall side. Limits of lidar acquisition are 
shows by the black lines. 

 
 
Fig. 4. The Alpine Fault (northern section; marked by yellow 
arrows) expressed across the Maruia River terraces. The 
NE-SW striking fault scarp bends toward the south in the 
area of State Highway 7 (S.H. 7).Recent trenches at Calf 
Paddock are shown in orange. 
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Abstract: Several Quaternary faults have been reported around the Yangsan and Ulsan Fault System in SE Korea. The Dangu 
fault exposed in trench is located in the northern part of the Yansan Fault, which is a dextral oblique slip fault with minor 
reverse slip component. The attitude of the fault and slickenlines on the fault surface are N15°E/79°SE, 015°/15°, 
respectively. Three gouge bands with different colors developed along the main fault indicate at least three faulting events. 
We obtained OSL and radiocarbon(C14) ages of about 7.5±0.3 ka and 3990±40 B.P in layer C., respectively. Based on the 
analysis of historical seismicity data from earthquakes in the Gyeongsang-do region, including several big earthquakes around Gyeongju area. Some 
earthquakes were big enough to generate surface ruptures, although the surface ruptures were not clearly described. Based on the trench survey and 
historical earthquake data, Gyeongju area is seismically active and more detailed seismic and paleoseismic research is required in this area.  
 
Key words: Yangsan fault system, Dangu fault, Quaternary fault, Age dating, Historical earthquake 
 
 
Introduction 
 
The Korean Peninsula is located within the eastern part 
of the Eurasian plate and has been considered 
seismically stable region. However, since Quaternary 
faults were first discovered in the SE Korea, many 
Quaternary faults have been reported within the Korean 
Peninsula (Oh, 1977; Lee and Na, 1983; Kyung and Chang, 
2001; Kyung and Lee, 2006; Choi et al., 2014). In addition, 
historical earthquakes have occurred several times in SE 
Korea and some have caused serious damages. The 
Yangsan Fault system, generally trends NNE-SSW (Fig. 1), 
and has had at least three strike-slip faulting event and 
two dip-slip faulting episodes (Chae et al., 1994). In the 
Pliocene, N-S compression affected the fault, and in the 
Quaternary, the fault was reactivated by a right-lateral 
strike-slip movement under an E-W to ENE-WSW 
(present stress regime in the Korean Peninsula) 
compression. Several Quaternary faults have been 
reported around the Yangsan fault system, apparently 
showing reverse fault geometry in general. Slickensides 
on fault plane, however, indicate right-lateral strike-slip 
based on low angle striations. The junction between the 
Yangsan Fault and the NNW-SSE trending Ulsan Fault is 
located around Gyeongju City. The Yangsan fault can be 
divided into northern and southern parts around 
Gyeongju City. Displacement on the northern part of the 
Yangsan Fault are younger than those on the southern 
part of the fault (Fig. 1; Yang, 2006).  The northern part of 
the fault has good evidence of the characteristics of fault 
interaction and fault’s evolution. 
 
Characteristics and timing of Dangu fault 

 
Dangu fault is located along the northern part of the 
Yangsan Fault. A lineament analysis in Dangu area show 
that the dominant trend of lineaments is NNE-SSW 
direction. In order to study this fault, we excavated two 
trenchs (36° 3' 35.96" N and 129° 15' 14.66" E) in Danguri 
area, which are almost perpendicular to the lineament. 
Attitude of the fault and slickenline on the fault surface 
are N15°E/79°SE, 015°/15°, respectively (Figs. 2, 3). 
Although the fault shows reverse sense in the cross-
section, but the slickenlines indicates dominantly strike-
slip movement, which means that the amount of 
displacement on this fault is possibility quite large. 

 
 
Fig. 1: (a, b) Regional geological map around the study 
area (modified from Lee, 2000). (c) Distribution of 
Quaternary fault sites in the southeastern part of the 
Korean peninsula. The youngest OSL or C14 ages of the 
sediments displaced by the faults at each site (marked 
with numbers within white boxes) are presented in black 
boxes. The Yugye and Byeokgye sites, located near the 
studied site, are marked as the site of No. 3 and 5, 
respectively (modified, Yang, 2006). 
 

http://endic.naver.com/search.nhn?query=possibility
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On the northern wall of the first trench (T1-N), the fault 
strike/dip between the Creataceous graite in the 
hanging wall and the Quaternary deposits in the 
footwall is N15°E/79°SE, 015°/15° (Fig. 2). Based on grain 
size, content of matrix, roundness of pebbles, degree of 
sorting, color of the unconsolidated sediments, we 
classified the Quaternary sediments as Unit A, B, D, F, G, 
H. Unit G and H is folded by fault movement. In Unit F, 
we found some weak evidence of dragging. Three zones 
of different-colored gouge are present in the fault zone; 
a black gouge of 5-7 cm width affected Units H, G, 
whereas a blue gouge of 7-10cm width affected Unit H, 
G, F and D. Also, a dark green gouge of 10-14cm wide  
affects Unit H, G and F. These three different gouges may 
indicate at least three different faulting events. 
On the northern wall of the second trench (T2-N), the 
fault strike/dip is almost the same (N20°E/75°SE) as that 
in the first trench. We classified the sediments as Unit A, 
B, C, D, E, F, G. Unit E is cleary cut by the fault and the 
amount of displacement is around 66cm (Fig. 4). Unit D 
is darged by fault movement and the amount of vertical 
seperation is around 67cm. Although the faulting 
affected upto Unit C, the amount of vertical seperation 
of Unit C is relatively small compared to Unit E, D. It may 
indicate multiple events and a result of recent faulting 
event. To estimate the final faulting age, we adopted 
OSL, radiocarbon(C14) and archeological dating (Fig. 4). 
The age dating results are as follows; 7.5±0.3 ka, 7.4±0.4 
ka-OSL; 3990±40yr B. P.-C14; AD 1550~1700-
archeological estimation. If we trust  archeological age  

estimate, then the youngest faulting age is around 
AD1550~1700. We interpreted at least three faulting 
events in these trenches (Lee et al., 2015). In the first 
stage, faulting deformed the older sedimentary layers,  
which were deposited over the granitic host rock. In the 
second stage, the fault movement caused dragging of 
Unit E~H. In the third stage, Unit D and C are deposited 
on the Unit E. In the stage 4-1, as is distinguishable on 
the trench face T2-N, the fault cut the Units D, C and 
lower part of the Unit B. In the stage 4-2, faulting 

deformed the Unit D and C. In the last stage, remaining 
sedimentary layers are deposited on the Unit B or C 
 
Historical earthquake around the Yangsan Fault 
 

 
 
Fig. 2: Trench logs and dated stratigraphy of the trench 1. (a) View of the northen part of the first trench (T1-N), (b) Sketch of 
the T1-N. Dangu fault (N15°E/79°SE) contact with fine grained granite and Quaternary sediment. Three different fault gouges 
indicate at least three faulting events. Red line is fault and white line is Quartz vein. Unit A, B, D, F, G and H is Quaternary 
sediments and Unit G, H is folded by fault.  

 
 
Fig. 3: Close view of T1-N. Black, dark green, green 
fault gouges are developed along the fault. (b) 
Slickenline of the Dangu fault (015°/15°) indicates 
dextral slip. 



7th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 30 May to 3 June, 2016, Crestone, Colorado, 
USA 

 
 

INQUA Focus Group on Paleoseismology and Active Tectonics 
 

 
 

Based on the analysis historical seismicity data, many 
earthquakes occurred in the Gyeongsang-do region. Some of them 
were big enough to generate surface ruptures. Table 1 list major 
historical earthquakes occurred around the Yangsan and Ulsan fault 
system. Unfortunately, however, we do not know exactly where 
each of the historical earthquakes occurred. However, some 
previous researches estimated epicenters of each historical 
earthquakes (Lee., 1998; Kyung., 2011). Some of the historical 
earthquakes were remarkable; more than 100 casualties were 
reported from the AD 779 earthquakes in Korean history and had an 
estimated magnitude of about 6.7 (Lee and Yang, 2006).  Another 
large earthquake occurred in AD 1036 in Gyungju area and 
destroyed many houses, ancient structures and an estimated 
magnitude of about 6.4 (Lee and Yang, 2006). Recent 
archeoseismological research argued that the collapse of a big 
ancient Buda statue was related with this earthquake (Jin et al, 2011). 
The AD 1642 earthquake in the Ulsan area might be one of the 
biggest earthquakes in Korea because it produced surface rupture, 
liquefaction, and collapse of battlements. The estimated magnitude 
of this earthquake is around 6.7 (Lee and Yang, 2006). Certainly, 
many historical earthquakes also occurred in other parts of Korea, 
however, most of the earthquakes larger than magnitude 6 are 
concentrated in Gyungju and Ulsan areas. This indicates that the 

Yangsan and Ulsan Fault system is the major active seismogenic 
fault system in Korea. 
 
Discussion 
 
Many Quaternary faults are present along the Yangsan and Ulsan 
Fault system (Oh, 1977; Lee and Na, 1983; Kyung and 
Chang, 2001; Kim and Jin, 2006; Kyung and Lee, 2006; Kee 
et al., 2007; Kee et al., 2009; Choi et al., 2014). We complied age 
information for recent fault activity in the eastern part of the Korean 
peninsula (Fig. 1; Choi et al., 2012). The ages of faulting along the 
northern part of the Yangsan Fault are generally younger than those 
along the southern part of the Yangsan fault. Also, the final 
movement along the southern part of the Yangsan Fault is 
dominantly dextral, whereas the Dangu fault has reverse component 
(N15°E/79°SE, 015°/15°) and the Yougye fault is reverse 
dominant (Kim and Jin, 2006). So, based on the faulting age and final 
movement sense, the southern and the northern part of the Yangsan 
Fault is different segment showing different activities. In additional, 
historical earthquakes are mainly concentrated in Gyungju area and 
some of these earthquakes are relatively big compared with other 
regions in Korea. Instrumental earthquakes (since 1905) magnitude 
over 6 have not been reported in Korea (Korea Meteorological 

Table 1. Major historical earthquake around Yangsan and UlsanFault. (Lee and Yang, 2006; the Annals of the Joseon 
Dynasty) 

No. Year/month/day Latitude Longitude Rejion/description of damages 
Magnitude ML 

 
1 100/10/ 35.8 129.3 Gyungju etc/collapse house and damage of human life 6.7 
2 304/9/ 35.8 129.3 Gyungju etc/collapse house and damage of human life 6.7 
3 510/5/ 35.8 129.3 Gyungju etc/collapse house and damage of human life 6.7 
4 779/3/ 35.8 129.3 Gyungju etc/collapse house and over 100 people dead 6.7 

5 1036/7/23 35.8 129.3 
Gyungju etc/collapse house, collapse ancient structure, 
3 days continue 

6.4 

6 1643/7/24 35.8 129.3 Ulsan etc/surface rupture, liquefaction and collapse of battlement. 6.7 
7 1526/8/7   Gyung etc/shaking house  
8 1525/1/5   Gyung etc/earthquake  
9 1667/4/9   Gyung etc/shaking all of house,  

          
 

 
 
Fig. 3: Trench logs and dated stratigraphy of the trench. (a) View of the northern section of the second trench (T2-N), (b) 
Sketch of the T2-N. Dangu fault (N20°E/75°SE) is the contact between fine grained granite and Quaternary sediment. Fault is 
terminated in the upper part of Unit C. Clearly, Unit D and E are displaced by fault. Unit G is isolated inside Unit F. Blue dots 
are OSL dating points, orange dot represents porcelain point and reddish brown dot is radiocarbon dating point. 
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Administration, 2016). Therefore, a big earthquake can occur in 
Gyungju or northern part of the Yangsan fault area and a more 
detailed seismic and paleoseismic research is required in this area. 
 
Conclusion 
 
Dangu fault is a dextral oblique slip fault with some 
reverse slip component. Three different bands of gouge 
are developed along the main fault indicating at least 
three faulting events. The age dating results are as 
follows; 7.5±0.3 ka, 7.4±0.4 ka-OSL; 3990±40yr B. P.-C14; 
AD 1550~1700-archeological estimation. If we trust 
archeological age estimation, the final faulting age is 
around AD 1550~1700. Some remarkable earthquakes are 
recorded; AD 779, 1036, 1643. Therefore, this result indicates 
that the high possibility of reactivation exists along the 
northern part of the Yangsan Fault and around Gyungju 
city. 
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Abstract: Though the beneficial use of InSAR methods in tectonics, earthquake analysis and other geologic and geophysical 
branches is widespread in the scientific community, InSAR is still almost nonexistent in the day-to-day business of federal, state 
and municipal work and planning. Therefore and due to explicitly expressed demand from user panels, the German government 
entrusted BGR (Federal Institute for Geosciences and Natural Resources) to keenly foster the integration of national space data 
together with scientific developments from the InSAR-community in every-day work of German administrative bodies and thus 
also in small and medium enterprises (SME). 
In extensive reconcilement of demands and interests of concurrent technical, administrative, business and juristic responsibilities 
(e.g. Ministries, Mining Authorities, Geological Surveys, Geodetic Surveys and Environmental Agencies on federal and state level, 
SMEs, German Aerospace Center) BGR developed the concept of the German InSAR based National Ground Motion Service. The 
National Ground Motion Service is based on the so-called Wide Area Product (WAP), an extended Permanent Scatterer 
Interferometry (PSI) algorithm developed with grants from German and European research funds. 
With special respect to paleoseismic versus anthropogenic aspects one of the successful implementations of the concept, a study 
in the area of the Northwest-German gas province, is presented here. The calibration of the WAP dataset is among others based 
on the integration of geologic and tectonic knowledge. Tectonically, Northern Germany is regarded to be stable, but it turned out 
that there might be recent slow deformation along faults that are generally assumed to be non-active. Recent slow deformation 
became evident through the longtime measurements of the regional GNSS-Network along the trace of the so called Aller Valley 
Fault. The possible interpretation of NW German faults as still active tectonic structures is supported by geological hints of 
paleoseismic activities in gravel pits and historical earthquake reports. 
 
 
Key words: Remote Sensing, Persistent Scatterer Interferometry, subsidence, Copernicus Service, Sentinel-1  
 
 
Introduction  
 
With the advent of radar satellites and the development 
of Differential Synthetic Aperture Radar Interferometry 
(DInSAR) it became possible to observe ground 

displacements over large areas of the land surface with 
millimeter precision (Massonet et al., 1993, Zebker et al. 

1994). The surface motion distribution gained by DInSAR 
allows a detailed documentation of co-seismic crustal 
deformation and yields important constraints to the 
backward modelling process of earthquakes and the 
understanding of the slip distribution on the ruptured 
fault (Kanamori & Brodski, 2004; Kobayashi et al., 2015, 
Briole et al., 2015). As an example our result of the 
Ghorka earthquake ground deformation is depicted in 
Fig. 1. 
Since DInSAR has limitations especially regarding 
temporal decorellation and tropospheric noise, several 
advanced DInSAR algorithms like Persistent Scatterer 
Interferometry (PSI) and Small Baseline Subset (SBAS) 
have been developed (Ferretti et al., 1999; Kampes, 2006, 
Berardino et al. 2002). Several European research 
projects, e.g. Terrafirma and GMES PanGeo (GMES: 
Global Monitoring for Environment and Security since 
2014 renamed to “Copernicus”) showed the maturity of 
advanced DInSAR techniques to detect surface motions 
with accuracies comparable to terrestrial levelling 
(Crosetto et al., 2008, Crosetto et al., 2011, Crosetto et al. 
2016). One important result of Terrafirma was the 
development of the so-called Wide Area Map Product 
(WAP) (Adam et al., 2011).  
Using the WAP a large number of single satellite 
footprints can be stitched together seamlessly and 
consistently. In addition to local effects, regional surface 

 
 
Fig. 1: Gorkha earthquake 25th Apr. 2015: Sentinel-1 
based DInSAR-application; Ground motion between 
Apr. 17th and 29th 2015; white circles shows 
aftershocks between Apr. 25th and 29th 2015.  
Epicentre after USGS 2016. 
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movements (105 km2) can be captured and regional 
patterns can be recognized. 
The German Government recognized the widely 
expressed demand and economic and administrative 
potential of these InSAR developments in the course of 
several national space data workshops (Lege, 2014). But 
how to bridge the gap between research focused project 
work and affordable, legally robust applications for 
governmental tasks such as geo-hazard assessment, 
spatial planning or mining administration? 
 
The national Copernicus ground motion service 
 
National Copernicus ground motion service  
For this aim, BGR as the national Geologic Survey of 
Germany is commissioned to implement a national 
ground motion service (Kalia et al., 2014). It will provide 
standardized and validated DInSAR derived products for 
end-users such as ministries, mining authorities, 
geological surveys, geodetic surveys and environmental 
agencies on European, national, state and municipal level 
as well as for private sector companies. With the launch 
of the satellite Sentinel-1A and -1B of the EU Copernicus 
programme in 2014 (-1B/2016) C-Band radar data sets of 
large parts of the world are available every 12 (6) days. 
The free and open data policy of the EU Copernicus 
program allows downloads at no costs. The national 
ground motion service is based on the Sentinel-1 
missions and generates nationwide ground motion maps 
with precisions of one millimetre per year. The ground 

motion data will be available on a BGR web map server in 
combination with existing geo-scientific maps.  
The national Copernicus-service was prepared at BGR. 
End users, geoscientists, engineers, DInSAR experts and 
others from numerous institutions were involved 
extensively. In the following a case study from 
Northwestern Germany with focus on seismological 
aspects is discussed.  
 
Case Study: Lower-Saxony  
Initially the case study was focused on subsidence due to 
different causes (peat degradation, soft shallow sediment 
compaction, mining, artificial cavern operation, 
hydrocarbon production sites and groundwater 
management). The case study started before Sentinel-1A 
data were available and is based on ERS-1/2 data. The 
area of interest is located in the state of Lower-Saxony, 
NW Germany. A PSI-WAP was generated using five ERS-
1/2 tracks, acquired in descending orbit. Each stack of 
SAR imagery consists of more than 50 scenes in order to 
enable highly reliable velocity estimates for each 
persistent scatterer. The SAR imagery covers the time 
span from 1992 until 2001 (Kalia et al, 2014). The 
resulting PSI-WAP was verified together with the experts 
from the state geodetic survey of Lower Saxony (LGLN). 
Their terrestrial geodetic framework consists of evenly 
distributed continuous GNSS-stations, gravity 
measurements and levelling lines (Jahn et al., 2011). The 
final PSI result of Lower Saxony (Fig. 2) and the GNSS 
data show consistency of less than a millimetre per year.  

 
 
Fig. 2: PSI-WAP of NW Germany, possibly active Aller Valley fault zone and continuous GNSS stations. The color coding for 
the GNSS stations is the same as for the PSI-WAP. The location of the investigated area is shown by the red rectangle in the 
inset. 
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To validate the WAP results, the processed data were 
discussed with the mining experts and geologists of the 
responsible state mining authority (LBEG). All detected 
local anomalies could be assigned to geological, 
pedological, mining or engineering-related sources.  
 
Subsidence on the Regional Level  
 
In addition there are hints to regional subsidence that 
may be in correlation with the Aller Valley Fault zone as 
suggested in Fig. 2.  The interpretation of the regional 
ground motion picture may still be subject to change 
when the WAP covers a bigger area and involves more 
GNSS stations in the future. We note in this context that 
preliminary results of re-levelling campaigns of the 
official German geodetic network (Jahn, 2015; Krickel, 
2016) and a study that combined long time tide gauge 
data with GNSS and levelling data (IKÜS, 2008) indicate 
downward ground movements in NW Germany in the 
same order of magnitude as the WAP, though the 
identified subsiding regions are not congruent. 
 
Seismic Hazards in Lower-Saxony  
Until recently the region was treated as an almost 
aseismic area. Earthquake recurrence intervals of 
potentially active faults are likely to be exceptionally 
long, and historical records have never been 
systematically analysed with respect to earthquakes. 
Seismic hazard assessment was somehow simplified 
following the formula: If there was no known earthquake, 
there will be no earthquake. 
 
The observed subsidence can cause a stress increase at 
the long assumed inactive Aller Valley fault zone or at 
other fault zones momentarily outside the WAP-area 
such as the Osning Fault. Historical earthquakes in this 
area reached intensities between IV and VI to VII (e.g. 
1612 and 1767 at the Osning thrust approximately 100 km 
south of the Aller Valley Fault; Leydecker, 2011). Brandes 
& Winsemann (2013) and Brandes et al. (2014) 
documented paleoseismic evidence in sandpits close to 
the Osning fault. Brandes et al. (2015) related the quakes 
to ongoing isostatic adjustments after the last glacial 
period. Recently Joswig et al. (2016) and Gurbisz et al. 
(2016) presented evidence of “singular deeper 
earthquakes beside the majority of shallow probably 
induced events at reservoir level of gas depletion” in the 
area of the PSI-WAP. The faint signals of the small 
earthquakes in depths of 25 – 30 km were recorded by a 
newly installed seismometer network. 
 
It is postulated that the subsidence of the NW German 
area accumulates stress that was and possibly will be 
released by earthquakes in the way described by 
Kanamori & Brodski (2004). With further research more 
paleoseismic and historical evidence could be discovered. 
This information is seen as important for adequate 
building codes for high risk infrastructure like NPPs and 
nuclear waste repositories. On the other hand it will ease 
the discrimination between natural and anthropogenic 

earthquakes. The latter can be induced by hydrocarbon 
production and management, geothermal energy 
exploitation, mining activities or storage of CO2, 
conventional and renewable energy. 
  
Therefore, we like to encourage efforts to look for further 
paleoseismic and historical evidence of earthquakes in 
Lower Saxony. The research should be combined with 
energy computations concerning the stress build-up and 
release either in aseismic deformation or via earthquakes. 
Through the combination of terrestrial measurements 
and PSI observations, the size of subsiding areas and 
their movement rates can be better determined. 
Furthermore, local effects due to fluid extraction, 
compaction of shallow sediments, mining etc. can be 
separated from large area isostatic adjustments. It is 
expected that in NW Germany the combination of stress 
calculations with paleoseismic and historic earthquake 
research can yield more exact values of maximum 
magnitudes and recurrence rates of earthquakes that are 
characteristic for the NW German region. Eventually this 
will lead to a better earthquake hazard analysis for the 
region. 
 
Discussion and Conclusions 
 
The German National Ground Motion Map generated by 
a combination of space borne PSI-WAP surface motion 
data and selected well distributed continuous GNSS 
stations can monitor ongoing regional movements in NW 
Germany that can build up stress. If the stress builds up 
over centuries and millenia it can be released via 
earthquakes at existing faults that are widely assumed to 
be inactive nowadays. Paleoseismic evidence (Brandes 
and Winsemann, 2013) coincides with sparse historical 
records of earthquakes in NW Germany (Leydecker, 
2011). There is evidence that earthquakes with macro-
seismic epicentral intensities I0 between IV and VI 
happened close to main fault lines. Currently the data 
base is not sufficient to derive recurrence periods and 
maximum magnitudes.  We recommend investigating if 
the stress build-up due to the large area subsidence is 
released aseismically or if it accumulates. Further work 
should be invested into the calculation of the cumulative 
energy balance of released stress by earthquakes and the 
stress built up by the measured crustal deformation. This 
should be correlated to the average energy release of 
paleoseismic and historic events to improve estimations 
of recurrence periods and maximum magnitudes. 
It is expected that with the completion of the German 
National Ground Motion Service similar analysis will be 
easier for more regions in Germany. 
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Fig. 1, Wall of the “Cava Santilli” quarry showing the Fucino fault plane (white arrows) 

 



 

 
 

Fig. 2 – (a) Panoramic photo of the Valle Daria paleo-landsurface. The red square highlights the area of Fig. 2b. (b) Detail of one of 
the trench walls. The metric mesh (yellow square) measures 1m x 1m. (PS) ploughed soil. Modified from Lo Sardo et al.(2016). 

Fig. 3 – (a) Panoramic photo of the Valle Force. The red square highlights the area of Fig. 2b. (b) Detail of one of the trench walls.  
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Abstract: We studied clastic dikes formed by earthquakes in southern Siberia that were historically mentioned or monitored by 
instruments. They are the most common among all liquefaction-induced soft-sediment deformation structures (SSDSs) in the 
epicentral areas of the investigated seismic events. They are also the most reliable paleoseismic indicators in regions where 
cryogenic processes are intense. In addition to the commonly accepted criteria for the recognition of SSDSs, we suggest seven 
criteria that may be useful to separate the seismogenic clastic dikes from non-seismogenic SSDSs in a single outcrop. Fractures 
in the same outcrop may indirectly also indicate the seismogenic genesis of liquefaction-induced SSDSs. Due to the close 
spatial relationship of dikes with the fault structure of the investigated areas, they can be used to identify the responsible 
seismogenic fault, and their size can help to estimate the lower-bound magnitude/intensity of paleoearthquakes. 
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INTRODUCTION 
 
Southern Siberia is a mountainous area with alternating 
ridges and basins in which the Altai-Sayan and the Sayan-
Baikal fold belts have the highest present-day seismic 
activity (Fig. 1). During 1950–2014 this area experienced 
more than a hundred earthquakes with magnitudes M ≥ 5. 
Many of them have caused soil liquefaction. However, 
despite the widespread development of unconsolidated 
deposits in the intermountain basins that are favorable for 
seismic liquefaction, as well as numerous worldwide 
publications on the research topic, investigations of the 
soft-sediment deformation structures (SSDS) triggered by 
earthquakes in southern Siberia began relatively recently. 
These researches have shown that the commonly accepted 
criteria to identify the seismogenic genesis of the 
structures (e.g. Sims, 1975; Obermeier, 1996; Montenat et 
al., 2007) are not always conclusive for southern Siberia 
(Gladkov & Lunina, 2010), which is characterized by 
seasonal freezing and thawing of the ground. As a result, 
pseudomorphs, cryoturbation, wedge structures, 
involutions, drop- and mushroom-shaped sinkages and 
domes formed. Some of them singularly resemble the 
seismogenic deformation described in literature and/or can 
involve them. Therefore, it is necessary to define criteria 
for identification of seismogenic SSDS developed under 
cryogenic conditions in seismically active regions. To 
solve this problem, we chose three remarkable seismic 
events that affected southern Siberia and studied 
liquefaction-induced SSDS, mainly clastic dikes formed 
during these earthquakes (the September 27, 2003, Мs=7.5 
Chuya earthquake occurred in the Gorny Altai; the April 4, 
1950, Мs=7.0 Mondy earthquake in south-western flank of 
the Baikal rift zone; and the January 12, 1862, М∼7.4–7.5 
Thagan earthquakes on the eastern shore of Lake Baikal). 
 
METHODS 

 

We used mainly standard structural and geological 
methods to research SSDS, following the main principals 
of paleoseismology (McCalpin, 2009). In the field, we dug 
trenches or trial pits where there were hints for 
liquefaction-induced soft-sediment deformation in the 
section. In the epicentral area of the Chuya earthquake, 
allogenic sediments on the surface along the seismogenic 
ruptures were one such sign. Sinkholes generated as a 
consequence of ground subsidence in the fractures or of 
the compensative inflow of sand and gravel after 
liquefaction were other features indicating clastic dikes 
and other types of SSDS. In the epicentral area of the 
Mondy earthquake, we focussed mainly on surface 
ruptures, sinkholes and adjacent push-ups. In the epicentral 
area of the Thagan earthquake, the geological and 
structural study was carried out mainly along a sand scarp 
corresponding to the Delta fault where the principal NE-
SW trending surface ruptures were traceable after the 
catastrophic event. Upon discovering the soft-sediment 
deformation structures, their geometry was measured. In 
the case of clastic dikes, which were most distributed, we 
documented their width, visible height, dip direction and 
inclination.  
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Fig.1: Earthquakes that produced liquefaction and 
hydrogeological anomalies in southern Siberia and the 
surrounding area (1950-2014). 
 
 
RESULTS AND DISCUSSION 
 
The field study of coseismic deformations in the epicentral 
zones of recent earthquakes showed that clastic dikes are 
the most common among all liquefaction-induced SSDS in 
southern Siberia. Fractures often occur along with these 
dikes in the sequences and their dominant directions are 
close to the orientation of a major seismogenic fault or 
secondary fractures. In the case of recent earthquakes, the 
places where the dikes manifest can be identified at the 
surface by subsidence craters, the long axes of which 
generally coincide with the dike strikes. After thousands of 
years, the sinkholes may not be observed on the surface 
anymore due to the impact of surface processes, but they 
will stand out by exotic filling in sections.        

The major result of our study is that in addition to the 
commonly accepted criteria for the recognition of 
earthquake-triggered SSDS, we were able to highlight 
several distinguishing features that can be present in the 
dike body or on its contacts with host sediments that 
indicate a seismic origin of the dike (Fig. 2):        

1) Pushed up sedimentary blocks within the dike body. 
The rise of the layer was apparently realized due to the 
pressure of water flow that penetrated the deposits through 
the fractures. Structures with a similar attribute were found 
in the epicentral area of the 2003 Chuya earthquake and in 
Holocene sediments of the Tunka valley in the Baikal 
region. Comparison of these two structures gives strong 
grounds for the seismic genesis of the dike, which was 
modified by cryogenic processes later in the seismically 
active Tunka valley. 

2) Regular distorted contacts of dike with host sediments, 
reflecting cyclic loading during the propagation of seismic 
waves (Obermeier et al., 2005).   

3) Turned up layers of host deposits on contacts with a 
dike. It differs from ice-wedge pseudomorphs and relict 
frost-cracks, in which all host layers in contact with the 
inner zone of fill derived from above and from sides, are 
lowered in the direction of water movement when thawing 
the soil near the surface. 

4) Displacement along dike contacts usually in the form 
of a normal fault caused by subsidence that compensates 
for the removed sediment. Like seismogenic features 1 and 
2, this helps the recognition of an earthquake-triggered 
dike after an impact of cryogenic processes, when criterion 
3 can be strongly shaded. 

5) A dike structure like a diapir.   

6) Filling of an injection dike with coarser material than 
the host sediments. This separates earthquake-induced 
dikes from loam diapirs originating from cryostatic 
pressure and gravitational loading of sediments, as well as 
from ice-wedge and frost cracks filled with more fine-
grained deposits. It also allows the derivation of 
seismogenic SSDS after the influence of the cryogenic 
processes on seismically deformed sediments. 

7) A sediment layer extruded on the surface or between 
the strata, similar in composition to the dike. The layer 
should be absent in adjacent correlated sections. In the 
extruded sandy-gravel-pebble bed resembling the “layer-
cake”, the rock fragments show grading from large to 
small clasts. This is because the reduction of seismic 
vibrations during the earthquake decreases the size of 
ejected sedimentary debris on the surface.  
 

 
 
Fig.2: Indicative criteria of seismogenic clastic dikes. 
 
It is worth noting that one of these criteria alone may not 
be diagnostic but their combination is indicative to 
distinguish seismically-induced and cryogenic SSDS. For 
instance, we noted that cryogenic forms develop above the 
seismogenic SSDS. In our opinion, this is because the 
residual earthquake deformation conduces to changing 
conditions of heat and mass exchange as well as physical 
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and mechanical parameters of ground, in particular its 
strength properties, porosity, density and moisture. As a 
result, there is degradation of permafrost, increasing the 
depth of the seasonal freeze/thaw of soils and their 
migration in the deformed sediments. Therefore, it should 
be an integrated approach to the interpretation of structural 
and geological situations in the sections.    
 
CONCLUDING REMARKS 
 
The research in the epicentral areas of recent earthquakes 
allows us to advance the identification of liquefaction-
induced SSDS. The suggested criteria for revealing the 
earthquake-induced injection dikes make them the most 
reliable indicator of paleoseismicity under the conditions 
of intensive development of cryogenic processes 
characteristic for southern Siberia and other northern 
regions of the world. The conclusion about seismogenic 
origin of formation of SSDS may be based only on several 
criteria if visual observations are confirmed by structural 
measurements and analysis. Other features can be 
obscured by superimposed cryogenesis. 

Liquefaction-induced SSDS, and in particular the clastic 
dikes, can be succesfully used to estimate the location of 
the earthquake epicenter (e.g., Obermeier, 1996; Green et 
al., 2005; Lunina et al., 2012) and the lower-bound 
magnitude/intensity of paleoearthquakes (Lunina & 
Gladkov, 2015). A significant part of the data for the 
relationships between the surface-wave magnitude Ms and 
maximum width, visible maximum height and intensity 
index of clastic dikes, and local macroseismic intensity 
and the same three parameters was obtained when 
investigating the dikes in the epicentral areas of the Chuya 
and Mondy earthquakes. To generate similar approaches 
based on the fundamental knowledge of the peculiarities of 
development of SSDS, one needs to carry out the 
structural and geological work in the epicentral areas of 
recent and well-described historical seismic events. We 
see a great paleoseismic significance of such studies.       
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Abstract: We investigated the surface deformation in the Mondy fault zone, which triggered one of the strongest earthquakes in 
southern East Siberia on April 04, 1950. Based on the ground-penetrating radar (GPR) and structural data, we determined the 
dip direction and inclination of the ruptures, types and amount of vertical offsets, as well as the width of fault zones, which 
varies from 2.5 to 17 m and decrease with depth within the first few meters. In addition to sinistral strike-slip, we established 
that normal fault offsets occurred along the nearly E–W and NW–SE trending ruptures. Based on polarization-optical 
modeling, we established a local change of stress field in the junction of the Mondy and Yaminshinsky faults that explains style 
of deformations in the investigated area. 
 
Key words: Mondy fault, structure, seismogenic ruptures, ground-penetrating radar, southern Siberia 
 
 
INTRODUCTION 
 
Several studies over the last two decades describe the 
geometry and kinematics of recent deformation in the 
Mondy-Tunka area, which is located in the south-
westernmost Baikal rift zone. This deformation is 
associated with the Mondy fault, which triggered the 
Mw=6.9 earthquake occurred on 4 April 1950 near the 
Mondy basin (Delouis et al., 2002; Arjannikova et al., 
2004; Lunina et al., 2015) and perhaps the March 8, 1829 
М=7 seismic event (Radziminovich & Shchetnikov, 2005).  
The active fault connects the E–W trending Tunka basin 
and the N–S trending Khubsugul basin (Fig. 1), being a 
transfer fault between two segments of the Baikal rift 
zone, in which the recent geodynamic regime is quite 
complex. Our structural and geological observations 
confirm left-lateral slip along the nearly E–W trending 
ruptures, which is consistent with the recent solution of 
focal mechanisms (Delouis et al., 2002) and previous 
geomorphologic observations (Arjannikova et al., 2004). 
The open question concerns the vertical component of 
displacement along the Mondy fault as the direct records 
in the excavations show both normal and reverse offsets. 
 
 The scale and the origin of surface ruptures mapped in 
1950 and 1972 (Treskov & Florensov, 1952; Solonenko, 
1981) are other key problems in the study of the Mondy 
earthquake. Arjannikova et al. (2004) proposed that these 
surface fractures are secondary cracks. However, recently 
we established that the Mw=6.9 Mondy earthquake 
produced a surface-rupture zone at least 5.4 km long and 
0.6–1.7 km wide. The rupture zone comprises northern and 
southern segments trending WNW–ESE (nearly E–W) and 
NW–SE, respectively.  
 
In this paper we present results obtained using GPR and 
structural investigations performed on the four parts of the 
Mondy fault zone (Fig. 1), mainly across the surface 
ruptures of the Mondy earthquake. The aim of the work 

was to study peculiarities of deformation at a depth of up 
to 16 m.       

 
 
Fig.1: a. Map of the Baikal region and location of the Mondy 
(MF), Yaminshinsky (YF) and Tunka (TF) faults; b. location 
of the area investigated with structural and GPR 
observation. 
 
METHODS 
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In order to study the effects of the Mondy earthquake, we 
first studied satellite images from the Google Earth. We 
subsequently verified in the field the surface deformation 
that we recognized. At three sites close to the village of 
Mondy, the seismogenic dislocations were excavated using 
manual method. The GPR study was performed on the 
four areas of the Mondy fault zone. The OKO-2 GPR 
equipment with three antennas ABDL Triton, AB-250 M 
and AB-700M, all made in Russia, were used. In the final 
stage, we modeled stress-deformed state in the fault zone 
by the polarization-optical method. 
 
RESULTS AND CONCLUSIONS 
 
This GPR method is very useful for investigating 
deformation in sandy-gravel and boulder-pebble deposits. 
In many cases, we measured the width of zones of single 
fault planes, their azimuths and angles of dip, and types 
and amounts of vertical offsets on the ruptures 
(reverse/normal fault) that are disputable in researching the 
Mondy fault. The principal results and conclusions of the 
present work are: 
 
1. In addition to left-lateral displacements, normal fault 
offsets occur along the nearly E-W and NW–SE trending 
fractures in southern hanging wall of the Mondy fault (Fig. 
1). These offsets produce the negative flower structures in 
the subsurface in many places. On the ground, they are 
expressed as grabens on the terraces that are formed on 
Pleistocene fluvio-glacial sediments.   
 

 
 

Fig.2: a. General view of the surface deformation in area 1 
and location of GPR profiles; b-e. GPR profiles 5 and 6 
obtained with ABDL Triton (b, c) and with AB-250M 
antennas (d, e).  
2. The normal fault offsets measured by significant shifts 
of wave patterns and GPR complexes vary in different 
areas. The maximum normal-fault displacement of 3.4 m 
(Fig. 2b) is located close to the village of Mondy (area 1 in 
Fig. 1). The normal-fault offset of 2.2 m was measured in 
area 4. At the same place, the valleys of temporary streams 
are shifted as much as 22 m by left-lateral strike-slip. It is 
apparently that both vertical and horizontal displacements 
accumulated here during several Holocene deformational 
events. Judging from the data in (Lunina et al., 2015), 
there were at least four earthquakes, including the 1950 
and 1829 events. Thus, ratio of normal slip to strike-slip is 
about 1:10, which corresponds to a slip vector of 5.7° 
along the Mondy fault relative to horizon.  
 
3. The dip angles of the faults revealed by GPR are 
between 75–79°. The widths of the zones marked by low- 
and high frequency anomalies on the radargrams vary 
from 2.5 to 17 m, significantly change along the strike and 
decrease with a depth within few meters. This is of 
characteristic for seismogenic ruptures near the surface  
(Lunina et al., 2008).  
 
4. Many ruptures identified on the radargrams do not reach 
the surface, but they are expressed by surface depressions 
located mainly in the hanging walls (Fig. 2d). Subsidence 
of clastic materials takes place at depths of up to 4–4.5 m, 
which coincides with a depth of seasonal frost penetration 
in gravel-pebble sediments of the Tunka basin (Solonenko, 
1981). 
 
5. The NW-SE trending Yaminshinsky fault, which 
separates two segments of the nearly E–W Mondy fault 12 
km west of the village of Mondy, is a significant influence 
on style of deformation in the investigated area. The 
modeling by polarization-optical method shows that when 
compression is oriented in NE–SW direction, like in 
strike-slip focal mechanism of the 1950, Mw=6.9 Mondy 
earthquake (Delouis et al., 2002), a local change of stress 
field occurs at the junction of the two faults. As a result, 
the sinistral strike-slip with the extension occurs on the 
Yaminshinsky and Mondy faults within the area of Russia.  
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Abstract:  
 
The 04 April 1905 Kangra earthquake (Mw 7.8) killed more than 20,000 people, caused total damage to the towns of Kangra and 
Dharamsala in NW Himalaya. The 1905 Kangra earthquake occurred along a newly identified the ‘‘Kangra Valley Fault’’ (KVF) 
with prominent right lateral strike-slip movement. KVF striking WNW-ESE and E-W extends for ~60 km, cutting through the 
Kangra and Sihunta valleys. Existence of the KVF in the Kangra Re-Entrant is indicative of oblique convergence and slip 
partitioning between Main Boundary Thrust (MBT) in north and Jawalamukhi Thrust (JMT) in the south and strike-slip fault in the 
NW Himalaya. Paleoseismic investigations revealed evidence of at least four earthquakes on KVF. Event-I (oldest) occurred before 
BC 900 or between BC 900-2500; Event-II between BC 100-80; penultimate Event-III occurred around AD 800-1000; and Most 
Recent Event (MRE) Event-IV after AD 1620 and before AD 1940, and is likely the 1905 Kangra earthquake.  
 
Key words: Active Fault, Paleoseismology, Right lateral strike-slip, Surface rupture, 1905 Kangra earthquake, Himalaya. 
 
 
Introduction 
 
The arc-shaped mighty Himalaya, stretching east to west 
over a length of 2500 km, is the best example of a 
continent---continent collision between the Indian and 
Eurasian plates. In the last 100 years, four earthquakes 
the 1905 Kangra (Mw 7.8), 1934 Bihar---Nepal (Mw 8.1), 
1950 Upper Assam (Mw 8.4), and 2005 Muzaffarabad 
(Mw 7.6) occurred along the Himalayan arc (Figs. 1a, b). 
Except the 2005 Muzaffarabad earthquake, the absence 
of surface rupture suggested that these earthquakes 
occurred on blind thrusts and that the Himalayan frontal 
thrust (HFT) did not rupture during recent past 
earthquakes. However, paleoseismic studies along the 
HFT revealed that the frontal fault ruptured during past 
earthquakes (Lavé et al., 2005; Kumar et al., 2006; Malik 
et al., 2008; Malik et al., 2010). Recent investigations from 
the Nepalese Himalaya suggest evidence of the surface 
rupture associated with earthquakes in 1934 Bihar---
Nepal and A.D. 1255 earthquakes (Sapkota et al., 2013). 
The occurrence of these earthquakes along HFT implies 
that the accumulated strain along this part of the 
Himalayan arc is released periodically in large 
earthquakes (Rockwell, 2013). 
 
1905 Kangra earthquake (Mw 7.8) 
 
The 4 April 1905 Kangra earthquake (Mw 7.8) was the 
most devastating Himalayan earthquake in the recent 
past. This earthquake, located in Himachal Pradesh, 
killed more than 20,000 people and caused maximum 
damage in and around Kangra and Dharamsala 
(Ambraseys and Bilham, 2000). It was felt over a large 
area, extending about 300 km from Kangra to Dehra Dun 
(Thakur et al., 2000). The area surrounding Kangra 
experienced a maximum intensity of X on the Rossi---

Forel intensity scale (Middlemiss, 1910; Quittmeyer and 
Jacob, 1979). In the Himalaya, hazard and risk posed by 
active faults are not well known. An exponential increase 
in population along the Himalayan front and around the 
Indo-Gangetic Plain raises several concerns related to 
seismic hazard, considering the occurrence of large-
magnitude earthquakes in the near future. Despite the 
large magnitudes of 1905 Kangra and 1950 Upper Assam 
earthquakes, no surface ruptures were reported 
(Ambraseys and Bilham, 2000). Wallace et al. (2005) 
suggested that slip from the 1905 Kangra earthquake 
was never transferred to the HFT, and it is possible that 
the 1905 earthquake ruptured along the Jawalamukhi 
thrust (JMT), located about 22 km south of the Kangra 
Valley. We report a newly identified active-fault trace 
(the KVF) from Kangra Valley showing right-lateral strike-
slip movement and evidence of surface faulting during 
the 1905 Kangra earthquake and at least three 
paleoearthquakes in the last 2500---3000 years (Malik et 
al., 2015).  
 
Active fault distribution in Kangra Valley 
 
We used high-resolution stereo pairs of Cartosat-1 (2.5 m 
resolution) and CORONA satellite photos (1.8---7.6 m 
resolution) for identification of active fault topography. 
The study emphasized identification of prominent 
geomorphic markers: vertically displaced alluvial fan 
surfaces and fluvial terraces, back-tilted alluvial and 
fluvial surfaces, offset of streams and terrace risers, 
pressure ridges, sag ponds, and linear valleys. Satellite 
data interpretation and ground truthing helped us 
identify a new active fault trace/traces with prominent 
right-lateral strikeslip movement, the KVF (Figs. 1 and 2). 
The KVF strikes NNW---SSE, WNW-ESE and NW-SE and 
cuts through the Kangra and Sihunta valleys. It extends 
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mailto:masmita@iitk.ac.in
mailto:psambit@iitk.ac.in
mailto:kojiok@hiroshima-u.ac.jp


7th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 30 May to 3 June, 2016, Crestone, Colorado, 
USA 

 
 

INQUA Focus Group on Paleoseismology and Active Tectonics 
 

 
 
for ~60 km between Patka Village in the northwest 
(Sihunta Valley) and Tanda Village in the southeast 
(Kangra Valley) (Fig. 2). Prominent traces of active fault 
topography along the KVF were identified around the 
Pathiyar---Dadh---Tangroti segment in the eastern portion 
of the fault and around the Sihunta---Garnta---Samot 
segment in the western portion of the KVF (Figs. 2).  
 

Distinct right-lateral offset of streams, offset terrace 
risers, north- and south-facing scarps, and pressure 
ridges were identified along the KVF (Figs. 3a-g). These 
geomorphic markers are indicators of young active 
tectonic deformation along the KVF. 
 
 

 
 
Fig. 1: (a) Locations of four major large-magnitude earthquakes: the 1905 Kangra (Mw 7.8), 1934 Bihar (Mw 8.1), 1950 Upper 
Assam (Mw 8.4), and 2005 Muzaffarabad (Mw 7.6) earthquakes. (b) North–south generalized geologic section across the central 
Himalaya, seismicity along the Main Himalayan thrust is marked by black dots (Ni and Barazangi, 1984). Location of the section is 
marked by the A–A′ line in (a) (after Seeber and Armbruster, 1981). 
 

 
 
Fig. 2: Cartosat-1 photo of the area around Kangra–Dharamsala. The Kangra Valley is composed of coalesced alluvial fans (Rait-
Rihlu, Kangra, and Palampur fans). The thick line marks traces of the active fault striking NNW-SSE and WNW-ESE with 
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prominent right-lateral strike-slip, named the Kangra Valley Fault (KVF). The fault cuts through the Kangra Valley, displacing 
alluvial fan surfaces and fluvial terraces. It extends for ∼60 km between Patka in northwest and Tanda in southeast. 

 
Fig. 3. (a) Cartosat-1 photo showing offset of stream along fault trace marked by white arrows, (b) Stereo photo of Cartosat-1 
showing north-facing fault scarp striking NNW-SSE displacing alluvial fan surface as well as terraces, (c) North-facing active fault 
scarp, (d) Water aqueduct constructed along the offset terrace riser, (e) Active fault trace around Pathiyar and Dadh villages 
(marked by arrows) striking NNW-SSE. Total terrace riser offset measured was 40 m. PT1 mark the location of trench, (f) DEM 
prepared with Real Time Kinematic-integrated showing prominent offset of the terrace riser. A thin black line marks the trace of the 
KVF, (h) Topographic profile across the 1.2-m-high fault scarp, and (g) plan view of terrace offset obtained using total station. 

 

 
Fig. 4. (a) Sketch of west wall of trench. (b) Photomosaic of west wall of PT1 trench. The exposed sediment succession shows 11 
units. Unit a (the youngest) and unit k (older) are displaced along F1 and F2 in a 0.5- to 1-m-wide fault zone. The broken line in (b) 
marks the location of Figure 5, (c) East wall of PT1 trench. White squares and circles mark accelerator mass spectrometry and 
optically stimulated luminescence ages, respectively. Unit a, grayish yellow brown clayey soil; unit b, dull yellowish red fine silty 
sand; unit c, dull yellowish brown silty sand; unit d, light brown silty clay soil; unit e, channel-fill deposit; unit f, brownish black 
medium-fine sand; unit g, dark brown clayey; unit h, matrix-supported debris; unit i, medium to coarse sand; unit j, fine silty unit; 
and unit k, coarse sand.  
 
The KVF strikes NNW---SSE, WNW-ESE and NW-SE and 
cuts through the Kangra and Sihunta valleys. It extends 
for ~60 km between Patka Village in the northwest 

(Sihunta Valley) and Tanda Village in the southeast 
(Kangra Valley) (Fig. 2). Prominent traces of active fault 
topography along the KVF were identified around the 
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Pathiyar---Dadh---Tangroti segment in the eastern portion 
of the fault and around the Sihunta---Garnta---Samot 
segment in the western portion of the KVF (Figs. 2 and 
3a-g). Distinct right-lateral offset of streams, offset 
terrace risers, north- and south-facing scarps, and 
pressure ridges were identified along the KVF. These 
geomorphic markers are indicators of young active 
tectonic deformation along the KVF. 
 
Paleoseismic studies 
 
Based on GPR results, trench was excavated across the 
eastern portion of the KVF (Figs. 4a-c and 5). Trench was 
excavated across a NNW---SSW-striking 1.2-m-high fault 
scarp near Pathiyar village. Based on upward termination 
of fault and unconformity four events were identified 
(Fig. 6). Event I occurred before 900 B.C. or between 900 
and 2500 B.C.; Event II between 890 B.C. and A.D. 720; 
Event III between A.D. 750 and 1290; and Event IV, the 
MRE, was most likely the A.D. 1905 earthquake. 
 

 
Fig. 5: Close-up view of the fault zone exposed in trench 
excavated across KVF. 
 

 
Fig. 6: Stage I-VI explaining deposition and events along 
KVF. 
 
Conclusion 
 
The right-lateral strike-slip KVF is a clear example of 
oblique convergence and slip partitioning between 
thrust (MBT in the north and JMT in the south) and a 
strike-slip fault in the Kangra re-entrant. The occurrence 
of four paleoearthquakes along the KVF (i.e., Events I---IV) 
implies that the strain accumulated along the northwest 

section of the collision zone is not only released 
periodically along the frontal faults (e.g., HFT), but also 
along active faults in the hinterland. It can be suggested 
that since 1905 event ruptured along the KVF, the 
potential of occurrence of larger magnitude earthquakes 
rupturing along the HFT still remains in the northwest 
Himalaya. 
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Abstract: The Santa Rosalía basin in México’s central Baja California peninsula records the sedimentary record of Gulf of 
California rifting and subsequent tectonic uplift of the basin. Gravel and calcareous fossiliferous conglomerate and sandstone 
defined as Santa Rosalía formation were deposited unconformably on the Infierno, Gloria, and Boleo formations. Distinct 10 m, 
25-30 m, 100 m, and 190 m marine terraces were identified. Four distinct fluvial terraces were observed in the Arroyos Santa 
Agueda, Boleo, Montado, and Providencia with deeper and better-developed soil profiles correlating with higher elevation from 
modern equivalents. GIS analyses of the fluvial surfaces indicate elevation breaks and fluvial incisions between marine and fluvial 
terraces. Deposits from the La Reforma and Tres Vírgenes volcanic complex interfinger with terrace deposits in an area that was 
not studied but provide stratigraphic control of the age of terraces. 
 
 
Key words: Baja California Sur, marine terraces, tectonic uplift. 
 
 
Introduction 
 
The Baja California peninsula exhibits distinctive 
geologic and geomorphic features. Among the studies 
conducted in past are on marine terraces, the work 
realized by Ortlieb (1979, 1987, 1991) provided a 
extensive characterization of the main marine terraces 
exposed on east and west coast of Baja California 
peninsula. Recent work provides more information on 
vertical uplift rates (Simms, A.R. et al., 2016). However, 
there is not a detailed mapping on marine and fluvial 
terraces exposed at Santa Rosalía area. The purpose of 
this work is to provide detailed geologic and 
geomorphic maps (scale 1:10,000) to differentiate 
marine from fluvial terraces in the area and to establish a 
stratigraphic framework for the younger sedimentary 
units in the Santa Rosalía basin (Fig. 1).  
 

 
Figure 1. Location of the study area (white boundary) conducted by 
REU program (from Ryan et al., 2009). 
 
 

Discussion 
Field activities consisted of mapping marine and fluvial 
terraces with the help of tablet computers and QGIS 
mainly in lower Arroyo Boleo, lower Arroyo Santa 
Agueda (including the marine terraces near ITESME and 
Hotel El Morro), and Santa Rosalía town for the marine 
terrace outcrops, using as reference GeoEye images 
provided by Minera Boleo Co. 
Four distinct fluvial terraces were observed at both 
Arroyo Montado, Arroyo Boleo and Santa Agueda, with 
deeper and better developed soil profiles correlating 
with higher elevation from modern equivalents (Fig. 2; 
Fig. 6). The Santa Agueda soils are deeper and have 
better structure than the Boleo terrace soils. The soils at 
Santa Agueda are the only soils where a clear prismatic 
structure was found; we have interpreted this as 
reflecting a difference in clay content in the B horizon 
between the oldest terraces in both catchments.  The Bk 
horizons developed on the older terraces are thicker in 
the Santa Agueda area than in Boleo (Fig. 6), although 
they appear at shallower depths in the Boleo area, 
mainly formed as deposition on clast surfaces (Fig. 5). 
Thick indurated carbonate layers appear only in the 
highest, uppermost terrace at Curuglu, and in the upper 
terrace at Santa Agueda, with almost one meter of an 
indurated duripan (Bk1 in Fig. 6).     
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Figure 2. Marine and fluvial terraces mapped along the Santa 
Agueda and Montado arroyos. Four distinctive terraces were 
identified.   
Sections described in the Curuglu quarry outcrop and a 
small creek draining into the old airport terrace were 
used to describe contacts between Quaternary units and 
the Infierno Formation (Fig. 3). 
 

 
Figure 3. Photomosaic of Curuglu quarry, poor soil development in 
the conglomeratic deposit helped to differentiate between 
Pliocene?-Pleistocene deposits. 
 
Fifteen soil profiles were described in the field for texture 
(estimating silt content), structure, color, carbonate 
stage development (e.g., examples in Fig. 6), and put 
them in a stratigraphic and sedimentology context.  Soil 
horizons were sampled for laboratory grain-size analysis, 
pH, Fe-oxides, density, and carbonate content.  A few 
gravelly horizons were tested for density in the field.  In 
the thick (~50 m) section at the Curuglu quarry, we were 
able to describe contacts between older Pliocene?-
Pleistocene units and younger capping terraces, with an 
interbedded tuff layer that was sampled. 
 
Two topographic profiles were constructed using digital 
elevation model data from INEGI (2016) and QGIS (Fig. 4). 
The profiles show the treads of the terraces in spite of 
the low vertical and horizontal resolution of the DEM. 
 

 
 

 
Figure 4. Topographic profiles derived from INEGI DEM (2016). 
 
 
The topographic profiles show differences in terraces 
elevation, indicating apparently no correlation between 
them. More detailed survey is required to distinguish the 
different terraces that occur in short distances. There is a 
difference in elevation from north to south, in the north 
the marine terraces are more elevated than the south, no 
fault occurs but a differential uplift is assumed in the 
area. 
 
Fluvial terraces occur in Boleo arroyo, at least three 
terraces are exposed, grading in clast size towards the 
Golf of California (Fig. 5). Some of these terraces are at 
the same elevation as marine terraces in near of 
downtown Santa Rosalía (Ortlieb, 1991). The upper 
terraces could correspond to Upper Mesa remnants 
(oldest marine platform) (Ortlieb, 1981, 1991). 
 

 
Figure 5. Fluvial terrace exposed on the northwestern margin of the 
Boleo arroyo sitting on Infierno Formation. Carbonate 
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precipitation is less developed in this profile compared to Curuglu 
section, indicating different age of formation. 
 
Acknowledgements: We would to thank to Minera Boleo Co. 
for allowing working in their property and providing data and 
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funded by NSF. 
 

 
Figure 6. Simplified soil profiles for Santa Agueda (upper panel) and 
Boleo (lower panel) fluvial terraces. The red numbers indicate 
elevation of terrace relative to modern channel. Note deeper and 
better developed profiles in higher terraces, suggesting a 
significant time of stability in the surfaces. The Santa Agueda 
profiles are also organized from west (left) to east (right). At the 
same elevation of the surface (Qt4), eastern profiles seem less 
developed. Influence of the sea could be a factor in inhibiting 
development of a strong Bt both here and in the Boleo area (closer 
to the Gulf of California). Note for location in map: FT1=Qt2, 
FT2=Qt3, FT3=Qt4. 
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Fig.2: Extent and 
distribution of 
Proterozoic crystalline 
rocks (yellow shading) 
marginal to the Rio 
Grande Rift in north 
central Colorado. A. 
Location of 28 mya, 
Climax ore body. B. 
Location of 28 mya, 
Henderson ore body. 
The two intrusions are 
50 km apart. White lines 
are faults from 1:250,000 
USGS sheets. Purple 
lines are faults from 
Boos & Boos (1957).

 

 

 



 

 
 

 
Fig. 3: Outline of Colorado Plateau 
Physiographic Province shown in thin white 
dashes. Rio Grande Rift shown in heavy white 
dashes. Shaded area is part of the structural 
Colorado Plateau, but not the Colorado Plateau 
Physiographic Province. When explaining the 
geologic history of the region, one must use the 
structural Colorado Plateau, not the 
physiographic region. The two sets of red arrows 
show directions of extension from geology, GPS, 
and stress analysis. 

 
 
Fig. 4: Experiment demonstrating how a rigid 
wire mesh beneath a clay cake can create two 

diversely- (red 
arrows) when the wire mesh is rotated in a 
clockwise direction (blue arrow). These directions 
agree well with the Late Cenozoic fault patterns 
in Colorado shown in Figure 1 (modified from 

Matthews , 1973).  
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Abstract: The Sangre de Cristo fault forms the eastern boundary of the Rio Grande rift over a length of 260 km, 
spanning the Colorado-New Mexico border. Since 1980 eight paleoseismic trenches have been dug in the Crestone 
section and four in the Zapata section, making this the most-trenched fault in the Colorado part of the Rio Grande 
rift. Despite that, there are still uncertainties about how many rupture segments exist and exactly where their 
boundaries are. This is partly due to poor dating control, caused by the coarse-grained sediments at the range-front. 
 
Key words: paleoseismology; normal fault; rupture patterns 
 
INTRODUCTION 
The Sangre de Cristo fault forms the eastern 
boundary of the Rio Grande rift over a length of 260 
km, spanning the Colorado-New Mexico border. It is 
a west-side-down normal fault that separates the 
Sangre de Cristo Mountains (horst) from the San Luis 
Valley and Taos Plateau (grabens) in Colorado and 
New Mexico, respectively. Ruleman and Machette 
(2007) divide the fault into the Northern (NSCF) and 
Central (CSCF) Sangre de Cristo faults in Colorado 
(106 and 59 km long, respectively). The NSCF is 
divided into two sections (Crestone, 79 km; Zapata, 
28 km) and the CSCF, divided into two sections; 
(Blanca, 2 km; and San Luis, 59 km).  Additionally we 
describe the 19 km-long Villa Grove fault zone (VGF) 
which splays off the NSCF into the northern San Luis 
Valley. 

 
Fig. 1, Top; State of Colorado with San Luis Valley in box. 
Bottom; Segments of the NSCF; 1-Hayden; 2-Major; 3-
Crestone; 4-Zapata; 5-Blanca. 6 is the CSCF. Dotted lines 
are lineaments in Precambrian rocks. 

The NCSF and VGF were among the first faults 
subjected to paleoseismic studies in Colorado, which 
began in the late 1970s with the statewide fault 
compilation of Kirkham and Rogers (1981).  
  
1970s STUDIES 
The first detailed study (1979-1980) covered the 
Crestone, Zapata, and Blanca sections (McCalpin, 
1981, 1982). The Quaternary geology of the 
piedmont and mountains was mapped at 1:24,000 
scale and fault scarps were mapped from aerial 
photographs at 1:20,000 scale. 77 fault scarp profiles 
were measured on the NSCF and 30 profiles on the 
VGF. One trench was excavated on the VGF and 
four on the NSCF (circled on Fig. 2).  
 

 
Fig. 2. Scarps (hachured) and interpreted segments of the 
NSCF: A, Crestone; B, Zapata; C-Blanca. Trench sites from 
1980 are circled. GSDNM, Great Sand Dunes National 
Monument (now National Park). 

 
Major Creek site: This trench crossed the fault at 
Major Creek (Fig. 3) and displayed evidence of two 
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fault movements that were constrained in time by two 
14C dates. The latest rupture occurred shortly before 
7,600±120 C14 yr BP, and the earlier movement 
occurred between 10,100±110 C14 yr BP and ca. 15-
20 ka. 
 

 
Fig. 3. The 3.8 m-high fault scarp across late Pinedale 
alluvium at the Major Creek site. The trench was excavated 
at left center, but has now been backfilled and revegetated. 

 
Willow Creek site: This trench was excavated on a 
small Holocene terrace near Willow Creek and 
contained evidence of one fault rupture with 2.3 m of 
displacement.  
 
Willow Creek site: This trench was excavated in Bull 
Lake fan alluvium near Willow Creek and exposed 
evidence of perhaps three rupture events. Age 
control was only from soil profile development; no 
datable charcoal was found. 
 
McCalpin (1981, 1982) suggested that the part of the 
Crestone section south of the Major Creek/Kerber 
Creek fault zone has a recurrence interval of 5.0-11.7 
k.y. during post-early Pinedale time (ca. <70 ? ka), 
whereas the fault farther north has a slower uplift rate 
and longer recurrence interval.  
 
Uracca Creek site: This trench was excavated across 
a Holocene scarp near Uracca Creek that is about 
1.2 km west of the range front. The fault exposed in 
this trench moved about 2.0 m during a single event 
between 8.0 and 5.64 ka (McCalpin, 1981, 1982), 
which is similar in time and perhaps 
contemporaneous with the last fault event at the 
Major Creek site on the Crestone section. 
 
1980s STUDIES 
Colman et al. (1985) compiled McCalpin’s mapping 
of the northern three sections of the NSCF, but no 
new mapping was done.  
 
1990s STUDIES 
Jack Benjamin & Associates and Geomatrix 
Consultants (1996) suggested the Crestone section 
used herein should be further divided into a 38-km-
long segment north of the Major Creek/Kerber Creek 
thrust fault zone, and a 52-km-long segment south of 
it. 

Morel and Watkins (1997), using seismic reflection 
and drill-hole data, reported that the NSCF in the 
Crestone area is a low-angle detachment fault that 
flattens to subhorizontal in Precambrian rocks. All 
previous authors had assumed that the fault is a 
high-angle fault all the way to seismogenic depths. 
 
2000s STUDIES 
In 2001 the Crestone Science Center held its first 
Summer Field Course in Paleoseismology, and 
excavated a teaching trench across a scarp in the 
VGFZ (Fig. 4). This trench has been used yearly 
since then. 
 
The 2002 National Seismic Hazard Map assumed the 
fault was not segmented and a floating Mmax 
earthquake of M7.5  (55 km long) could occur 
anywhere on the 85 km-long NSCF. Slip rate was 
0.208 mm/yr. The 2008 National Seismic Hazard 
Map assumed a floating Mmax earthquake of M7.5 
on the 85 km-long NSCF, with a slip rate of 0.208 
mm/yr. 
 

 
Fig. 4. The paleoseismic teaching trench on the VGFZ soon 
after excavation in June, 2001 

 
In 2003 GEO-HAZ received a USGS-NEHRP grant to 
excavate a trench on the north side of the supposed 
segment boundary within the Crestone segment (its 
junction with the VGFZ). This trench was excavated 
at the mouth of Carr Gulch across a  
 
The goal was to test whether the entire 79 km-long 
segment A (Crestone section of Widmann et al., 
1998) is a single rupture segment. There were 
several potential segment boundaries on the NSCF 
within this “segment”, as defined by crosscutting 
structures in the footwall, splay fault junctions, and 
stopovers in the range front. The northernmost 
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possible segment boundary (between segments 1 
and 2 on Fig. 1) is at Hayden Pass, where a strong 
N65E-trending lineament exists in the footwall and 
aligns with a linear reach of the Arkansas River NE of 
the Sangre de Cristo Mountains (red dotted line on 
Fig. 1). We informally term this lineament the 
“Arkansas River lineament (ARL).” North of the ARL, 
range front scarps are common on the NSCF. South 
of the ARL range front scarps are mainly absent, and 
instead displacement appears to be shifted to the 
VGFZ. The part of the NSCF north of the ARL had 
not previously been trenched. 
 

 
Fig. 5. Sketch map of the Carr Gulch area. Fault scarps 
shown by thick lines, numbers along scarp are profile 
locations. Pf, Pinedale fan; Bf, Bull lake fan. 
 

 
Table 1. Scarps heights (H, m) and vertical surface offsets 
(SO, m) on the numbered scarp profiles near Carr Gulch. 
Alpha is the slope of the faulted fan. 

 
The Carr Gulch trench exposed evidence for 3 
paleoearthquake displacements in the past 27.4 ka. 
The existence of 3 colluvial deposits (units 2, 3, 4) 
argues that the ca. 4.5 m of surface offset was 
formed during 3 surface-faulting events with an 
average displacement of about 1.5 m each.  
 
In the past 27.4 ka there have been 3 
paleoearthquakes but only 2 complete seismic cycles 
on which to compute closed-cycle slip rates. 
According to Fig. 6, the slip rate during the Event Y 
cycle was 0.3 mm/yr and in the Event Z cycle was 
0.125 mm/yr.  

 
Fig. 6. Slip-history diagram of the latest 3 faulting events 
exposed in the Carr Gulch trench. 

 
The averaged vertical displacement of 1.5 m is 
similar to the average per-event displacements 
computed by McCalpin (1982, p.80) elsewhere on 
the NSCF (1.7 m at Rock Creek, 1.4-1.8 m at Major 
Creek). According to Wells and Coppersmith (1994), 
a normal-fault displacement of 1.5 m is associated 
with an M7.1 earthquake if it is the average surface 
displacement, and with an M6.9 earthquake if it is the 
maximum displacement. 
 
 
2010s STUDIES  
In 2012 GEO-HAZ excavated a small trench on a 2 
m-high scarp at the range front, about 500 m north of 
Valley View Hot Springs. This scarp revealed a single 
displacement event, and C14 dates are pending. 
 
DISCUSSION 
 
At the Carr Gulch site there has been a maximum of 
4.5 m of displacement in the past 27.4 ka. In 
contrast, at the Major Creek site there has been 8.9 
m of displacement in a similar time period (since 
early Pinedale time). The displacement-per-event, 
reconstructed from trenches at both sites, is similar 
(1.5 m at Carr Gulch; 1.4-2.2 m at Major Creek). 
Therefore, the difference in displacement implies that 
fewer events have occurred at Carr Gulch than at 
Major Creek. 

 
Fig. 7. Slip-histories of the Carr Gulch trench (black lines, 
letters, and numbers) and the Major Creek site (red lines 
and numbers. The time scale (bottom) is the same for both 
sites, but the displacement scales are different. 
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The latest event at both sites occurred at nearly the 
same time (Fig. 7). The penultimate event at Major 
Creek, however, occurred between about 11 ka and 
15 ka, much younger than the penultimate event at 
Carr Gulch (ca. 20 ka). At Major Creek we have no 
direct dating control on the earlier events, so Fig. 7 
shows three hypothetical events of average 
displacement (pink) spread equally in time back to 
ca. 30 ka. The youngest of these 3 events could 
conceivably correlate with the penultimate event at 
Carr Gulch. The oldest event at Carr Gulch could 
correlate with either the oldest or second-oldest 
event at Major Creek. 
 
Despite the ambiguities of event-matching with such 
fragmentary dating control, it is clear that there have 
been 5 inferred faulting events at Major Creek since 
early Pinedale time, but only 3 events at Carr Gulch. 
Only the latest event appears to be a possible 
simultaneous rupture at both sites. The penultimate 
events at Carr Gulch and Major Creek cannot be the 
same event, if the age constraints at each site are 
correct. Some of the earlier events may have 
ruptured at both sites, but all of them could not have. 
 
This pattern of fault behavior suggests that there is a 
nonpersistent segment boundary between the Major 
Creek and Carr Gulch sites. We propose that this 
segment boundary lies at the junction of the Villa 
Grove fault zone and the NCSF. Based on the record 
at Carr Gulch, about half of the range-front ruptures 
south of the VGFZ will continue north past the 
segment boundary. The other half of the ruptures will 
be deflected out onto the VGFZ. Therefore, we 
propose to subdivide the Crestone section into two 
rupture segments, with a common boundary where 
the VGFZ joins the NCSF. This subdivision is 
identical to the suggestion of Jack Benjamin and 
Associates and Geomatrix Consultants (1996), that 
the Crestone section should be subdivided into a 38-
km-long segment north of the Major Creek/Kerber 
Creek thrust fault zone, and a 52-km-long segment 
south of it. We propose the name Hayden Segment 
for the northern segment and Major Segment for the 
southern segment. However, at this point we do not 
know exactly where the southern end of the Major 
segment is. 
 
One possibility is that there is another nonpersistent 
segment boundary just north of San Isabel Creek, 
where the range front steps valleyward by more than 
2 km, and where a lineament intersects the NSCF 
(see Fig. 1). To test this hypothesis we would need to 
trench somewhere between San Isabel Creek and 
the Great sand Dunes to derive a paleoseismic 
chronology to compare to that at Major Creek. The 

two 1980 trenches near Willow Creek south of 
Crestone did not yield any C14-datable material, so 
they cannot be used for such a comparison. Any new 
trench to be dug would have to be carefully sited to 
avoid the extremely coarse boulder gravels typical in 
that area. A good location would be where a graben 
lies at the base of the trench that would trap eolian 
sediments. The best location would be where such a 
graben was kept moist by shallow groundwater and 
springs, such that organic material and well as 
luminescence-datable sediments might be found. 
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Abstract: The 2011 off the Pacific coast of Tohoku Earthquake occurred along the Japanese trench. The earthquake affected 
static stress changes to inland active faults in Northeast Japan, and induced the Fukushima-ken Hamadori earthquake (MJMA7.0). 
Remarkable surface ruptures appeared along the NW-trending Yunodake fault. Although the Yunodake fault was previously 
mapped with a normal down-to-the-SW sense of slip, its paleoseismic history is not clear. I conducted a trenching survey on the 
north-western part of the Yunodake fault to investigate its paleoseismic history. On the trench wall beneath the 2011 ruptures, a 
set of fissures and apparent reverse faults with positive flower structures were exposed. Detailed trench wall observation and 
radiocarbon dating revealed that the penultimate surface-rupturing earthquake occurred between about 1,000 and about 6,000 
years ago. 
 
 
Key words: active fault, the 2011 off the Pacific coast of Tohoku Earthquake, Yunodake fault, Itozawa fault, Fukushima Prefecture 
 
 
INTRODUCTION 
 
The 2011 off the Pacific coast of Tohoku Earthquake 
ruptured a 450-km long and 200-km wide plate boundary 
between the North American and Pacific plates along the 
Japanese trench. The Tohoku area, northeast Japan, is 
located in the E-W compressional stress field. The Tohoku 
earthquake affected static stress changes to inland active 
faults in Northeast Japan, and induced the Fukushima-ken 
Hamadori earthquake (MJMA7.0) on 11th April 2011. This 
earthquake ruptured two previously mapped faults: the 
Yunodake fault and the Itozawa fault (Fig. 1). The NW-
trending Yunodake fault exposed 16-km-long surface 
rupture with normal sense of slip during the 2011 
earthquake, until before the earthquake the length of the 
fault recognised as 6-km-long. Although the Yunodake 
fault was previously mapped with a normal down-to-the-
SW sense of slip, its paleoseismic history is poorly 
understood. I conducted a trenching survey on the north-
western part of the Yunodake fault to evaluate the timing 
of paleoseismic event.  
 
TRENCH SITE 
 
I conducted a trench investigation at Orimatsu, Tono town, 
Iwaki City, located on the northeastern part of the 
Yunodake fault (Fig. 1). Surficial deformation generated by 
the Fukushima-ken Hamadori earthquake included 1.0-1.5 
m high scarps, as well as flexural folds and fissures, which 
were widely distributed in the Orimatsu area (Figs. 2 and 3). 
A small trench was excavated across the fissures and 
flexural scarps to sample fault gouges in the granitic rocks. 
The trench was then extended in size to characterize 

faulted humic sediments exposed in the trench walls to 
evaluate paleoseismic parameters. 
 
TRENCH WALL OBSEARVATION AND INTERPRITATION 
 

 
 
Fig. 1: Distribution of the Yunodake fault. Trench site is 
also shown. Base map is from Maruyama et al. (2012). 
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Geologic units exposed in the NW-wall of trench included 
artificial soil (1), humic sand (2a), Humic soil (2b and 2d), 
sand and gravel (2c and 2f), sand with gravel (2e), humic 
sand (4), silty sand (5), silty sand with gravel (6) and granite 
(Figs. 3b and 4a).  The SE-wall of trench exposed a sharp 
normal fault plane with 1.5 m throw (Fig. 3c). The NW-wall 
of trench also exposed a set of fissures and apparent 
reverse faults with positive flower structures (fig. 3b and 
4a). A main fault plane, which slipped during the 2011 
event, was easily observed by crosscutting between the 
fault plane and the Holocene sediments. The main fault 
trace extends through bedrock at the base of the trench 
where it is associated with 10 cm of fault gouge within 1-
m-wide cataclasitic-dameged zone. This fault trace 
extends through Units 6-5 and into Unit 2d, however it 
becomes unclear in the upper units. Another evidence for 
the 2011 event is a fissure that extends through Unit 5, 
Units 2f- 2a, although the fault traces are unclear in Unit 2a. 
I infer that the fissure is related to extension in the hanging 
wall above a blind fault with locally reverse sense of 
motion Based on the stratigraphic faceis change, from 
humic sand (4) to sand and gravel (2f), and radiocarbon 
ages of sediments, an unconformity is inferred at the 

bottom of Units 2e and 2f.  The age of the unconformity is 
around 1,000 yBP. Sequential radiocarbon dating of 
sediments from the NW-wall of the trench indicates that 
Units 4 and 5 were deposited before around 6,000 yBP 
(Figs. 4a and 4b). Fig. 4b shows the time section before the 
deformation caused by the 2011 earthquake. It is inferred 
that Units 2f and 2e deposited on moderate slope. In this 
case, the lower Units of Unit 4 still inclined, therefore, the 
penultimate earthquake event is occurred before Unit 2f 
sedimentation and after Unit 4 sedimentation. The 
penultimate event age is estimated between about 1,000 
years ago and about 6,000 years ago.  
 
DISCUSSION AND CONCLUSIONS 
 
The paleoseismic trench excavation survey of the 
Yunodake fault revealed that the penultimate earthquake 
event occurred after about 6,000 years ago and before 
about 1,000 years ago.  This result indicates that the 
Yonodake fault did not experience a rupture at the time of 
1454 Kyotoku earthquake considered the penultimate 
great earthquake along the Japan Trench (Sawai et. al., 
2015), and imply that the fault did not activate at the time 

 
 

Fig. 2: Detailed contour map of the Orimatsu trench site, Tono town, Iwaki City, Fukushima Prefecture. 
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of 869 Jogan earthquake (Sugawara et. al., 2011). As the 
last event of the Yunodake fault is 2011, recurrence 
interval of the fault is estimated as 1,000 to 6,000 years. 
Previously reported recurrence intervals of the Yunodake 
fault were 12,500 years to 40,000 years (Tokyo Electric 
Power Company Holdings Inc., 2011). The recurrence 
interval of the fault based on the result of this survey is 
extremely shorter than previous evaluations. 
However, additional trench investigations are needed to 

evaluate the earthquake history farther back in time to 
better constrain recurrence interval, slip per event, and the 
long-term sense of slip. 
 
 
Acknowledgements: I would like to thank Mr. Masahiro Miyawaki, 
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Fig. 3: Photographs of cover shot of the Orimatsu trench (a), NW-wall (b) and SE-wall (c) of the trench. 
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Fig. 4: Log of NW-wall of the Orimatsu trench (a) and interpretation of the penultimate event horizon (b). Radiocarbon ages 
are conventional ages. Underlined ages show from charcoal and others show from bulk samples. 
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Fig. 1: Shaded relief image (USGS/SRTM data) illustrating 
major faults marked by continuous lines. - The rectangular 
box indicates the study area and its surrounding regions. 
The major faults are after Gansser (1964), Valdiya et al. 
(1984), Powers et al. (1998) and Malik and Mohanty, 
(2007). Inset shows DEM of India with location of study 
area. 

Fig. 2: Generalized geomorphic map of the study area 
traced on CARTOSAT-1 stereo ortho-kit satellite data. Solid 
red lines indicate active fault traces in Hajipur and 
surrounding areas.  



 

 

 

 

 

Fig. 3: Distribution of terraces on the south side of Beas 
River. At least six terraces (T0-T5) and five prominent 
terrace risers were identified. These terrace risers are 
indicative of shifting of Beas River channel due to lateral 
propagation and displacement along Hajipur Faults (HF1 
and HF2). These terraces are displaced by HF1 and HF2 
resulting in NNW facing fault scarps. Red arrows mark the 
traces of fault scarps. 

Fig. 4: Schematic diagram (Not to scale) showing the 
topographic profile of the T5, T4, T2, T1 and T0 terraces. 
Profile shows OSL sample locations from different level of 
terraces/terrace risers. From the OSL ages the terraces are 
young towards NNW. The OSL ages from Hajipur and 
Khunda trench are also shown.   

 
Fig. 5: Schematic diagram explaining different stages of the 
shifting of the Beas River. At Stage-I, in the absence of 
tectonic activity, the River flows close to the anticline with 
the development of fluvial terrace. At Stage-II, lateral 
propagation along HF1 and HF2 started with some 
deflection of the River. At stage-III, fault propagation and 
upliftment dominates the process. It results in the 
development of the back-thrust and shifting of the Beas 
River to the present stage and formation of multiple 
terraces.  
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AMS 14C TESTS OF CORRELATIONS OF GREAT EARTHQUAKES 
ALONG THE CASCADIA SUBDUCTION ZONE, COASTAL OREGON 
NELSON, Alan R., Geologic Hazards Science Center, U.S. Geological Survey, Golden, 
CO (anelson@usgs.gov),  
 
Simon E. Engelhart (engelhart@uri.edu), Department of Geosciences, University of 
Rhode Island, Kingston RI,  
Robert C. Witter (rwitter@usgs.gov) , Alaska Science Center, U.S. Geological Survey, 
Anchorage AK, and  
Christopher B. DuRoss (cduross@usgs.gov) Geologic Hazards Science Center, U.S. 
Geological Survey, Golden CO 
 
After three decades of debate, consensus remains elusive about the rupture lengths and 
frequency of megathrust earthquakes at the Cascadia subduction zone. Radiocarbon ages 
for earthquake evidence from coastal wetland stratigraphic sequences generally overlap 
broad 14C-age intervals for the most widely correlated marine turbidites, triggered by 
shaking from the greatest (~M9) earthquakes rupturing much of the 1200-km-long 
subduction zone. But the times and number of lesser great earthquakes (~M8-8.8), which 
may have ruptured only a few hundred kilometers of the megathrust, are uncertain. 
Along-strike correlation of coastal earthquake evidence has largely relied on position in a 
stratigraphic sequence and maximum-limiting 14C ages with errors of decades to 
hundreds of years.  
We consider 180 (72 unpublished) AMS 14C ages from the 12 best-dated sequences along 
350 km of the Oregon coast to test along-strike correlations of stratigraphic contacts 
inferred to mark subsidence during great earthquakes and(or) inundation by their 
accompanying tsunamis during the past 2000 years. At each coastal site we selected the 
highest quality (least ambiguous stratigraphic context) plant macrofossils providing the 
closest maximum- and minimum-limiting ages for each contact predating the ~M9 AD 
1700 earthquake. Comparison of OxCal-calculated age models for contacts at each site 
suggests three closely spaced earthquakes from 700−1200 cal yr BP, an interval 
previously considered to include coastal evidence for only two earthquakes. If accurate, 
the comparison implies incomplete stratigraphic records for some great earthquakes at 
some sites. Product means (with 2σ uncertainties) of OxCal age probability distribution 
functions yield great earthquakes at 798±55(6 sites), 933±59(3 sites), 1124±59(6 sites), 
1264±26(5 sites), and 1546±23(11 sites) cal yr BP. 
 
 
Keywords: paleoseismology, earthquake hazard, tsunami hazard, coastal hazards, 
earthquake stratigraphy, radiocarbon dating,  
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Abstract: The Himalayan Frontal Thrust (HFT), also referred to as the Main Frontal Thrust, is the 2500 km-long fault system that 
marks the active southward-verging collisional boundary of the Eurasian plate with the Indian subcontinent.  Defining the 
rupture segments for both recent and historical earthquakes has been a challenge especially in areas with long seismic gaps.  In 
Fall 2015, a new paleoseismic trench, approximately 5-m-wide by 30-m-long and 8-m-deep, was excavated across the HFT in the 
Central Seismic Gap at the Lal Dhang site, where a >10-m-high fault scarp runs north-northwest along the fault.  Excavation 
revealed evidence of faulting and folding of the depositional units of the terrace and floodplain. Two prominent, stacked, thrust 
faults with recumbent folded units were driven over horizontal units to the southwest.  The exposed sections show heights of 
approximately 3-4 m for each fold, with a combined height of approximately 6.5 m, although erosion has reduced the original 
fold dimensions.  The folded and faulted strata can be traced laterally to the flat-lying fluvial deposits that show no erosion or 
depositional hiatus, thus suggesting  that the deformation observed in the trench occurred in a single earthquake. Radiocarbon 
analyses of the stratigraphic units will constrain the date of this earthquake. 
   
Key words: Himalaya thrust, historic earthquakes, paleoseismology. 
 
 
INTRODUCTION 
 
The convergence of the Indian subcontinent with 
Eurasia is marked by several south-verging structures 
including the active Himalayan Frontal thrust (HFT) fault 
(also known as the Main Frontal Thrust) (e.g. Yeats et al., 
1992) (Fig. 1).  The HFT generally marks the contact of 
Tertiary Siwalik Sub-Himalayan sediment with 
Quaternary sediment.  Large magnitude, twentieth 
century earthquakes, including the 1905 Kangra, 1934 
Nepal-Bihar, and 1950 Assam earthquakes, and 
historically documented earthquakes (e.g. 1255, 1344, 
1505, and 1555,) have likely ruptured the HFT. Defining 
the rupture segments of these earthquakes has been a 
challenge.  The Central Seismic Gap (CSG) was defined as 
the fault segment between the proposed 1905 and 1934 
earthquake damage zone (Khattri, 1987). Some 
researchers have suggested that the 1505 earthquake 
with a rupture trace of >600 km may have filled all or 
part of the CSG in the past (e.g. Ambraseys and Jackson, 
2003; Bilham and Ambraseys, 2005).  Other large-
magnitude historical earthquakes (e.g. 1803 and 1833) 
may be similar to the 2015 Gorkha event in Nepal (EIlliot 
et al., 2016) and have only ruptured the deeper portion 
of the main Himalayan detachment and not the HFT. 
 
One of the fundamental questions in seismic hazard 
assessment that looms over heavily populated areas in 
India and surrounding countries is whether a “giant,” 
magnitude (M) > 9 megathrust subduction zone 
earthquake, like those that occurred in Japan in 2011 
and Indonesia in 2004, has the potential to occur along 
the Himalayan Frontal Thrust fault.  Geological data 
suggest that  10- to 20-m-horizontal slip events with 
>10-m-high scarps are recorded at some paleoseismic 

sites along the HFT active fault (e.g. Lavé et al., 2005; 
Kumar et al., 2006; 2010).  Such a “mega” seismic event 
has not been recorded in the past 200-400 years based 
on historical records as compiled and presented in 
earthquake catalogues for India and Nepal (e.g. Seeber 
and Armbruster, 1981; Iyengar et al., 1999; Ambraseys, 
2000; Pant, 2002; Ambraseys and Douglas, 2004; Bilham 
and Ambraseys, 2005).  Thus, some have questioned 
whether earthquakes as large as M>9 can occur along 
this tectonic boundary (e.g. Rajendran et al., 2013; Gupta 
and Gahalaut, 2015).  
 

 
Fig. 1: Map showing the major zones of the Himalayan 
convergence—MCT: Main Central Thrust; MBT: Main 
Boundary Thrust; and HFT: Himalayan Frontal Thrust. 
Schematic cross-section through central Nepal showing the 
main structures and instrumental thrust earthquake foci. 
STD: Southern Tibet Detachment; MHT: Main Himalayan 
Thrust (after Lavé et al., 2001). 
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Boundary-element modeling showed that a >20-m-slip 
event with a 1000 year strain accumulation is 
theoretically possible on the HFT (Feldl and Bilham, 
2006) although such large fault slips are not seen in 
subduction zone earthquakes (Murotani et al., 2013). 
Alternatively, the large surface scarps along the HFT may 
represent two or more events instead of one surface-
rupturing earthquake (e.g. Kumahanra and 
Jayangodnaperumal, 2013; Jayangondaperumal et al., 
2013; Rajendran et al., 2015).  The possibility that the 
Himalayan Frontal thrust could rupture in a M>9 
earthquake remains controversial.  
 
Geodetic models show that the HFT is locked from the 
surface down dip to a distance of approximately 100 km 
(Fig. 1).  Given a convergence rate of 18-20 mm/yr 
between the Indian subcontinent and Tibet on the Main 
Himalayan Thrust, large amounts of strain have 
potentially accumulated (Aders et al., 2012). Bilham and 
Ambraseys (2005) wrote “The absence of a well-
documented earthquake cycle anywhere along the 
Himalayan arc is a considerable impediment to 
quantifying seismic risk in the Himalaya.” A review of 
paleoseismic data by Mugnier et al. (2013) suggested 
that the pattern of great earthquakes might be random. 
However, recent paleoseismic data from two sites in 
eastern Nepal identified faulting in the 1255 and 1934 
earthquakes (Sapkota et al., 2013) and reported 6 to 7 
earthquakes over a 4.5 ka period with a 870 ±350 year 
recurrence (Bollinger et al., 2014; 2016) suggesting 
regular recurrence. 
 
The October 8, 2005 Kashmir earthquake was a 
devastating example of the power that seismic events 
on the Himalayan fault system can unleash. An 
estimated 86,000 people died in the earthquake (USGS 
website). The earthquake can also potentially provide a 
modern analog for a convergent thrust event. The Mw 
7.6 Kashmir earthquake ruptured a 60-km-long surface 
fault and formed a maximum scarp height of 7 m 
(Kaneda et al., 2008).  A trench across the active fault 
constrained the penultimate earthquake to 
approximately 2,000 years ago (Kondo et al., 2008). 
However, these authors concluded that the 2005 
Kashmir earthquake did not occur on the HFT, but on an 
intraplate fault within the sub-Himalayan wedge. 
 
It is evident that many issues pertaining to the historical 
and paleoseismic chronology of earthquakes along the 
HFT remain unresolved.  For example, what is the 
rupture trace of the 1505 or other historical earthquakes 
and can rupture segments be defined?  Deciphering the 
earthquake recurrence and fault segmentation of HFT 
historical earthquakes remains a primary research 
objective.  In this paper, we test whether “giant” or 
“megathrust” earthquakes have ruptured the Indian 
section of the Himalayan fault system with our recent  
paleoseismic excavations along the HFT at a site called 
Lal Dhang (Fig. 1), where a high single-event scarp was 
previously studied  by Kumar et al. (2006). 
 

PALEOSEISMIC INVESTIGATIONS 
 
The Lal Dhang paleoseismic site is located approximately 
50 km east of Dehra Dun in Uttarakhand, India.  The HFT 
fault scarp prominently offsets Quaternary fluvial terrace 
deposits that were deposited at the front of the Siwalik 
mountains along the Rawasan River (Fig. 2).  The fault 
scarp is at least 13 m in height based on topographic 
profiling (Fig. 3).  
 
In a previous study at the Lal Dhang site (Kumar et al., 
2006), a trench (A1) excavated across the NW-trending 
fault scarp revealed folding and faulting. Radiocarbon 
ages of lithostratigraphic units indicate that the last 
faulting event occurred sometime between 1282 A.D. 
and 1632 A.D.  Vertical separation measured on the 
surface scarp was measured as at least 9 m, while 
displacement on the horizontal fault measured a 
minimum of 7 m.  
 

 
Fig. 2: Topographic map of the Lal Dhang site showing 
location of the paleoseismic trench investigation (A1) of 
Kumar et al. (2006). 
 
 

 
Fig. 3: Topographic profile across the HFT fault scarp at the 
Lal Dhang site at the A1 trench  
 
In Fall of 2015, a new paleoseismic trench of 
approximately 30 meters in length, 5 meters in width 
and 8 meters in depth, was excavated across the fault 
scarp at the Lal Dhang site, just southeast of the earlier 
trench by Kumar et al. (2006).  A real-time-kinematic GPS 
survey conducted as part of this study showed the 
vertical separation of the scarp to be >10 meters. 
Trenching at this location exposed two thrust fault 
strands with associated fold deformation of the units 
(Fig. 4).  A third fault strand was also identified high in 
the section, but could not be verified because the 
hanging wall is predominately a boulder conglomerate 
lacking distinct stratigraphic layering.  The trench clearly 
establishes that the one fold documented in the Kumar 
et al. (2006) paper is actually two folds and possibly 
three thrust faults (Fig. 4). 
 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 11.5. Detailed active fault trace (red line) in Laldhang town, regional location 

shown as rectangle A in figure 11.3. Thick white line A1 shows topographic profile 

constructed across the active fault is indicated in Fig. 11.6. 2m contour lines are draped on 

digital terrain surface derived from Cartosat – I stereo pair. 

 
 
 
 

 
 

Figure 11.6. Cross – profile variation of the prominent fault scarp. Location is marked in 

the figure 11.5. 
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Figure 11.5. Detailed active fault trace (red line) in Laldhang town, regional location 

shown as rectangle A in figure 11.3. Thick white line A1 shows topographic profile 

constructed across the active fault is indicated in Fig. 11.6. 2m contour lines are draped on 

digital terrain surface derived from Cartosat – I stereo pair. 

 
 
 
 

 
 

Figure 11.6. Cross – profile variation of the prominent fault scarp. Location is marked in 

the figure 11.5. 
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The stratigraphic units uncovered in our trench are 
analogous to those described by Kumar et al. (2006). This 
includes nearly horizontal stratigraphic units with a basal 
fluvial unit of rounded cobble- to boulder-sized gravel 
that grades to sandy gravel and sand. This is capped by 
fine-grained overbank sediment and a sandy loam soil   
Each of the units is repeated in the hangingwall where 
they are folded and sheared (Fig. 4). The folds are eroded 
and buried by two layers of colluvium separated by a 
carbonaceous, silty clay layer.   
 
In our trench, each of the two, lower faults showed dips 
of approximately 18° steepening to approximately 28° as 
the strands approached the bottom of the trench.  In 
both cases, the depositional units of the footwall were 
deformed into a synclinal fold and subsequently sheared 
as they were dragged forward by the overriding hanging 
wall.  The hanging wall is also deformed into an anticlinal 
fold.  The uppermost deformed unit of the lower fault, 
interpreted as the ground surface at the time of rupture, 
exhibits the same, loading, flame structures as seen in 
the earlier study.  The upper fault strand shows similar 
deformation of the footwall units, with folding and 
subsequent shearing evidenced here by both clastic 
imbrication and offset of the folded units.   
 

 
Fig. 4: Interpretation of the 2015 Lal Dhang paleoseismic 
trench showing multiple thrust faults displacing coarse-
clastic terrace deposits over fine-grained alluvial sediment. 
 
Because the folded strata can be traced laterally to the 
flat-lying fluvial deposits that show no erosion, 
unconformity or colluvium, the deformation observed in 
the trench occurred in a single earthquake. Charcoal and 
other organic samples were collected from key locations 
within each of the depositional units adjacent to each of 
the fault strands, in the footwall and in the overlying, 
unfaulted units.  To date, fifteen samples have been 
dispatched to labs for dating by accelerated mass 
spectrometry, which will constrain the date of this 
earthquake. Although retrodeformation analysis is 
underway, it appears that the fault slip for the 
paleoseismic event at this site is very large (two to three 
times the previous measurement) indicating a possible 
megathrust magnitude earthquake. 
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Abstract: A Mw 7.0 earthquake hit west central Kyushu Island in west Japan at 01:25 JST on April 16, 2016.  Reportedly 49 were 
killed, 1 are missing and more than thousand are injured as of April 27.  28 hours before, at 21:26 JST on April 14 another Mw 6.1 
had shook the same region severely.  Intense ground shaking by two successive earthquakes caused structural damages in an 
extensive area.  The shakings by a large number of aftershocks forced 90,000 people to evacuate from their homes no matter the 
homes were damaged or not.  And the extensive damages to infrastructures make their lives more difficult. 
Previously mapped and evaluated Futagawa and Hinagu fault zones are the sources of these two earthquakes.  The Futagawa 
fault zone, the northeastern portion of the two fault zones, runs about 30 km ENE-WSW.  The longest section of the NE portion is 
called Futagwa fault.  The SSW-NNE trending Hinagu fault merges with the Futagawa near its west termination (F and H in figure 
1).  The Futagawa fault is the source of the Mw 7.0 with 2 m+ right-lateral strike-slip at the surface.  The Mw 6.1 earthquake 
ruptured about 15 km long northernmost section of the Hinagu fault without surface ruptures.  Minor surface ruptures appeared 
in this section during the Mw 7.0. 
 
Key words: surface fault, secondary fault, foreshock, strong ground motion, earthquake forecast 
 
 
1. Tectonics 
 
The April 2016 earthquakes occurred on the south 
margin of the Central Kyushu rift.  Central Kyushu is the 
only area of volcanic extensional tectonics in Japan, 
where EW compression is predominant.  Unzen volcano 
in west of Kumamoto, Aso volcano, and Beppu-
Haneyama graben in east are within this NS extending 
volcanic graben.  In southwest, the graben is believed to 
continue down to the Okinawa trough, the active back-
arc spreading center behind the Ryukyu island arc. In 
northeast, the graben terminates in Beppu Bay and the 
active tectonics shift to strike-slip of the Quaternary 
Median Tectonic Line (figure 1).   
 
In west of the Quaternary Median Tectonic Line, there is 
a continuous boundary between Mesozoic subduction-
related sediments in south and the Neogene volcanics 
and sediments in north.  The Median Tectonic Line in 
Shikoku is a very active Quaternary transform, but the 
activity is replaced with normal faulting on shore Kyushu 
in most part of the graben.  So, the geologic boundary 
along the south margin of the graben is mostly inactive 
except for the Futagawa fault. 
 
The Futagawa-Hinagu fault zone is driven both by the 
EW compression derived from Philippine Sea plate 
subduction and by the N-S extension of the Central 
Kyushu rift.  The slip is right-lateral strike-slip with south-
side-up normal separation.  That means the WSW-ENE 
strike Futagawa fault is dipping NNW and the NNE-SSW 
strike Hinagu fault is dipping WNW.  The dips are within 
60 to 80 degrees.  On both faults, right-lateral strike-slip 
is predominant, but the uplift of the Kyushu Mountains 

in the south is due to the normal component of the fault 
movement. 
 
2. Earthquakes 
 
The April 14 Mw 6.1 recorded the highest JMA intensity 
scale of 7 at Mashiki JMA (Japan Meteorological Agency) 
station.  The KiK-net (Strong-motion Seismograph 
Network of the National Research Institute for Earth 
Science and Disaster Prevention: NIED) maximum peak 
ground acceleration at Mashiki (KMMH16) was 1580 
cm/s2 in the area of the JMA intensity scale of 7.   
 
http://www.j-risq.bosai.go.jp/report/static/R/201604142 
12642/0131/00001/R-20160414212642-0131-00001-RE 
PORT_EN.html 
http://www.kyoshin.bosai.go.jp/kyoshin/topics/html201
60414212621/main_20160414212621.html 
http://www.fnet.bosai.go.jp/event/tdmt.php?_id=20160
414122500&LANG=en 
 
The Mw 6.1 earthquake ruptured the deeper part of the 
northernmost section of the Hinagu fault.  Strong 
ground motion took place in north and northwest of the 
epicenter or respectively in Mashiki town and 
Kumamoto city. The intensity 7 at Mashiki may be due to 
the directivity effect of the northward rupture 
propagation on the Hinagu fault.  The radiation of strong 
seismic wave perpendicular to the WNW dipping Hinagu 
fault plane may be the cause of the strong shaking in 
Kumamoto. 
 
The Mw 7.0 earthquake on April 16 occurred during the 
aftershock sequence of a Mw 6.1 earthquake at 21:26 JST 
on April 14, 2015.  Therefore the Mw 7.0 "aftershock" on 
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April 16 was immediately redefined as a "mainshock" 
after the occurrence and the Mw 6.1 "main-shock" was 

redefined as a "foreshock".  The Mashiki JMA station 
again recorded intensity 7.  The Mashiki KiK-net station 
KMMH16 recorded 1320 cm/s2 this time, a little smaller 
than during the Mw 6.1.   
 
http://www.j-
risq.bosai.go.jp/report/static/R/20160416012514/04 
24/00002/R-20160416012514-0424-00002-REPORT_ 
EN.html 
http://www.kyoshin.bosai.go.jp/kyoshin/topics/html201
60416012405/main_20160416012405.html 
http://www.fnet.bosai.go.jp/event/tdmt.php?_id=20160
415162400&LANG=en 
 
The main-shock caused extensive structural damages 
along the Futagawa fault and further east and further 
west of the fault.  The shaking was again the most 
intensive at Mashiki town.  Many houses that were 
already damaged by the Mw 6.1 collapsed during the 
Mw 7.0.  The extremely strong shaking may be due to 
the directivity effect of the up-dip propagation of the 
rupture on the Futagawa fault under Mashiki town, 

which is located between the epicenter in north and the 
surface fault in south.  Both the epicenter and the fault 

are two kilometers away from the Mashiki town in 
opposite directions.   
 
The fault plane dips 60° (by GSI: http://www.gsi.go.jp/ 
common/000139798.pdf) to 84° (f-net moment tensor: 
http://www.fnet.bosai.go.jp/event/tdmt.php?_id=20160
415162400&LANG=en) NWN and hypocenter depth is 14 
km.  The ground acceleration spectra of NIED's KiK-net 
show significantly larger acceleration at 0.5 to 1.0 Hz by 
the Mw 7.0 than by the Mw 6.1.  Though the peak 
ground acceleration is smaller by the Mw 7.0, this larger 
acceleration at 0.5 to 1.0 Hz might account for the 
heavier damages to Mashiki town by the Mw 7.0. 
 
The rupture propagated toward ENE along the strike of 
the Futagawa fault.  At the end of the rupture is the 
Minami-Aso village, where 14 were killed and many 
slope failures occurred.  The source fault terminates in 
the east bank of the Shirakawa barranca where the fault 
intersects with the Aso Caldera rim.  In this area, 
topographic relief is much larger than in other source 
region for the 300--700 m high caldera walls, 100--150 m 

 

 
 

Fig. 1:Quaternary faults and earthquakes in Northern Kyushu.  Quaternary faults: Nakata and Imaizumi eds. (2002),  
Research Group for Active Faults of Japan (1995), Historic earthquakes:  Usami (1996) 
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deep barranca gorge, and steeply eroded edifices or the 
central cone volcanoes in east.  The steep slopes failed at 
many locations by the shaking of the mainshock, 
probably intensified by directivity effects.  The Late 
Quaternary sediments filling the Aso Caldera (95,000 
years old) also amplified the ground motion to cause 
many structural damages. 
 
3. Crustal movement and surface faulting 
 
The Geospatial Information Authority of Japan (GSI) 
published the GEONET (GNSS Earth Observation 
Network System) observation and model, and SAR 
(Synthetic Aperture Radar) interferometry results using 
the ALOS-2 (Daichi-2) satellite together with a lot of low-
altitude air-photos and UAV movies.  
http://www.gsi.go.jp/BOUSAI/H27-kumamoto-earth 
quake-index.html 
Mw 6.1 foreshock 
http://www.gsi.go.jp/common/000139760.png 
Mw 7.0 mainshock: 
http://www.gsi.go.jp/common/000139809.png 
http://www.gsi.go.jp/common/000139905.pdf 
 
The SAR interferometry results clearly demonstrate how 
faulting occurred and how the surface was deformed.  
The deformation by the Mw 6.1 is broad and as small as 
10 to 20 cm over 10 km wide areas.  There was no surface 
rupture.  After the Mw 7.0 more than 10 fringe cycles 
appeared along the Futagawa fault corresponding to up 
to 2 m strike-slip offset at the surface on the fault.  Along 
the northernmost Hinagu fault, the sharp line cutting 
through fringes coincides with the observation of ~25 
cm offset by Tohoku University geologists (http://irides. 
tohoku.ac.jp/irides-news/20160417/289). 
 
According to the preliminary reports from the field and 
the author's own survey, up to 2.0 m consistent right-
lateral strike-slip is observed on the Futagawa fault.  The 
vertical component is usually up to 0.5 m south-side-up, 
but up to 0.2 m north-side-up deformation is also 
observed.  The offset along the northernmost Hinagu 
fault is also right-lateral strike-slip.  In addition to the slip 
along the master strands, a 5 km long branch fault of up 
to 1.2 m right-lateral strike-slip appeared in the east of 
and under Mashiki town (Kumahara et al.: http:// 
jsaf.info/jishin/items/docs/20160420164714.pdf).   
 
There also appeared a conjugate fault with left-lateral 
strike-slip.  These branch faults appeared on modern 
alluvial plain and there was no remnant of previous slips.  
The field report of Geological Survey of Japan by 
Shirahama et al. (http://g-ever.org/updates/?p=334) 
shows many offset features in the central section of the 
Futagawa fault.  Geospatial Information Authority of 
Japan (GSI) report (http://www.gsi.go.jp/common/00013 
9911.pdf) based on UAV survey (https://www.youtube. 
com/watch?v=bS6ftodIHeI&feature=youtu.be) shows 
the surface rupture near the ENE termination of the Mw 
7.0 fault inside the Aso Caldera just east of the barranca.  

The 5 km section of the ENE termination has not been 
mapped previously. 
 
Most of the Mw 7.0 surface rupture appeared along the 
previously mapped ~30 km strands of the Futagawa and 
Hinagu fault.  However, the occurrence of the branch 
faults, south-side down dip-slip, as well as the 
unmapped termination section presented much more 
complicated faulting took place in longer than expected 
source fault. 
 
4. Soil condition in Kumamoto--Mashiki area 
 
Kumamoto city and Mashiki town are located north of 
Kumamoto alluvial plain (Heiya).  Look at the area in the 
seamless geologic map by the Geological Survey of 
Japan at https://gbank.gsj.jp/seamless/seamless2015/ 
2d/index.html?lang=en.  Kumamoto Heiya is a Holocene 
alluvial plain (unit 1).  The alluvial plain, especially in its 
southern and eastern parts are mostly too wet for 
developing and used as paddy fields.  Northern half of 
Kumamoto city and Mashiki town are located north of 
the plain on Pleistocene fluvial terraces (170 and 171) 
and on early Late Pleistocene pyroclastic flow (95 and 
83).  The Futagawa fault cuts the lava plateau (83) and 
continues along the boundary between the Kumamoto 
Heiya (1) and Cretaceous rocks.  The Hinagu fault in 
south juxtaposes alluvial plain (1) with bedrock and run 
north through bedrock to merge with the Futagawa 
fault. 
 
According to Ishizaka et al. (1995), the Kumamoto Heiya 
is an area of active subsidence at a rate of 0.90 mm/yr 
near the coast and 0.45 mm/yr in south of Kumamoto 
city.  With this subsidence rate, 900 m to 450 m 
sediments are to be accumulated in a million years 
under the Kumamoto plain.  It is very likely this zone of 
subsidence continues toward east along the Futagawa 
fault in south and Mashiki town in north.   
 
In the J-SHIS Japan Seismic Hazard Map (http://www.j-
shis.bosai.go.jp/map/?lang=en) large site amplification is 
expected in Kumamoto plain and intensity 6+ to 7 is 
forecasted in case of Futagawa-Hinagu fault zone 
earthquake.  The Kyushu Express way (right green line) 
got severe damage on this alluvial plain and is closed 
now.  An expressway bridge in the middle of the plain 
barely survived from collapsing with structural damages.  
However, the eastern part of the plain is so wet for 
developing there were no house to be damaged. 
 
Mashiki town, where the severest structural damages 
took place, is located across the plain from the unit 100 
isolated volcanic hill in the geologic map.  The center of 
the town is on the south-facing slope above 11 m high 
alluvial plain and below 40 to 50 meter high upland 
consists of Late Quaternary sediments and pyroclastic 
flows.  Subsurface geology is not known yet, but there 
should be a few hundred meters of sediments that were 
laid down in pace with the subsidence in south.  The 
sediments may be deposited above south-facing bed 
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rock slope as there are hill of Cretaceous rocks several 
kilometers north.   
 
The KiK-net 1580 cm/s2 and 1328 cm/s2 peak ground 
acceleration, as well as intensity 7 were recorded on the 
flat top of the upland away from the slope and the 
alluvial plain.  The very strong ground shaking here even 
destroyed rather new houses on the flat top of the 
upland where no amplification by surface soil is 
expected.  Therefore the effect of the deeper subsurface 
sediments and structures on the ground shaking are to 
be investigated.  The significant thickness of Late 
Quaternary sediments as well as the shape of the basin 
may have affected the ground shaking on the Mashiki 
upland. 
 
The author also observed a lot of gravitational slides and 
lateral spreading on the south-facing slope and on the 
slopes along incising creeks.  There are many collapsed 
houses owing to this geotechnical cause in addition to 
the vibration effects.  At the foot of the slope, a river runs 
along the boundary between the upland and the alluvial 
lowland.  The river erodes the upland and fill its course 
with soft sediments.  There is no clear erosional scarp 
along the bank, but the sediments of the upland should 
contact with the alluvial sediment with buried scarps.  
This situation may be the cause of lateral spreading and 
sliding in the lower part of the slope.  8 fatalities by the 
Mw 6.1 foreshocks were reported along the foot of the 
scarp.   
 
The most intense ground shaking at Mashiki town is 
presumably due to the effects of seismic wave radiation 
pattern and of rupture directivity both for the Mw 6.1 
and the Mw 7.0.  The failure of slopes and possible lateral 
spreading are the additional cause to the shaking of the 
severest structural damages.  There is a possibility that 
the branch fault in east and under the town is the cause 
of the localized damages.  However, it is not likely 
because the ruptures in the sediments and shallow 
bedrocks generate neither strong ground motion nor 
directivity effect.  There is no significant concentration of 
damages by shaking along the master strand of the 
Futagawa fault.  This is clear and strong evidence that 
ruptures at and near surface have nothing to do with 
strong vibratory motions. 
 
In Kumamoto city, moderate structural damages took 
place extensively.  The southern half of the city has 
expanded into the Kumamoto Plain above hundreds of 
meter thick sediments.  The northern half of the city is on 
Late Pleistocene terraces on Quaternary volcanics.  Thick 
soft sediments and rocks may have amplified the ground 
motion.  Detailed investigation on the soil condition and 
damages should be carried out to understand seismic 
risks in the cities on soft sediments.  
 
5. Past earthquakes and earthquake forecast 

 
No historic earthquake larger than M 6.5 was recorded in 
the source area (figure 1).  In Kumamoto, M 6.0 to M 6.5 
earthquake occurred every 50 to 100 years.  These 
earthquakes killed 10s of people and damaged 
Kumamoto castle repeatedly.  So, the 2016 shaking in 
Kumamoto is not an unusual event.  Earthquakes larger 
than M 7.0 were inferred only by paleoseismological 
excavations on the Futagawa-Hinagu fault zone. 
 
HERP, the Headquarters for Earthquake Research 
Promotion of the government of Japan, had evaluated 
long-term seismic potential of the Futagawa-Hinagu 
fault zone in 2002 and revised it in 2013.  The seismic 
risks of the Futagawa-Hinagu fault zone was evaluated 
by rather limited geologic information of recurring 
earthquakes.  For the Futagawa segment of the fault 
zone, an earthquake around M 7.0 with 2 m surface 
offset on a 19 km long rupture was forecasted.  A M 6.8 
earthquake was forecasted for the 16 km segment of 
northernmost section of the Hinagu fault, on which the 
Mw 6.1 occurred at depth and surface ruptured during 
the Mw 7.1. 
 
The conditional probability of the earthquake in 30 years 
was estimated as 0 to 0.9 %.  This estimate is based on 
two past earthquakes in paleoseismological excavations.  
The timing of the two events are 2200 to 6900 years 
before present and 23000 to 26000 years before present.  
One or more events were supposed to have been 
missing in the geologic records.  Assuming 2 or 3 events 
since 26000 years ago, recurrence interval was estimated 
as 8100 to  26000 years.  The large uncertainty and long 
interval made the probability less than 1 %.  But 0.9 % 
30-year probability is rather high for slow-moving intra-
plate faults in Japan and the  ratio between the elapsed 
time and the recurrence time was 0.08 to 0.85. 
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analyses and field reconnaissance in 10 days after the events by 
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Abstract: The Cheraw fault is a rare, mid-continental Quaternary normal fault in North America. Crone et al., (1997) mapped a 
45-km-long scarp, and based on a single trench found three surface ruptures since 20-25 ka, and suggested the prior interseismic 
period, extended to at least 100 ka. However, the existence of a numerous sinkholes and closed depressions in the region, and 
Permian evaporates below the fault trace, raised questions regarding its seismogenic potential. New constraints from mapping, 
shallow geophysical surveys, and boreholes, combined with interpretation of reprocessed industry 2D seismic reflection profiles, 
demonstrate: 1) longer fault length, 2) steeper dip, 3) planar structure from surface to basement, 4) multiple episodes of 
reactivation, 5) larger early Cenozoic offset, and 6) smaller Quaternary offset. The new data point to potentially greater 
uncertainty in the source characterization of the Cheraw fault and the limitations of single-trench characterizations. 
 
Key words: Paleoseismology, Colorado, Quaternary faults. 
 
Introduction 
The Cheraw fault is one of the few faults within the 
Central and Eastern United States (CEUS) of North 
America known to have experienced a surface rupturing 
earthquake in the Holocene. Despite this unique attribute, 
it has remained relatively under-characterized and 
unstudied. Crone et al. (1997) mapped a 45-km-long scarp, 
and based on a single trench found three surface ruptures 
since 20-25 ka, and suggested the prior interseismic period 
extended to at least 100 ka. That initial work has been the 
basis of seismic hazard characterization of the Cheraw 
fault for nearly two decades. 
 
However, with new constraints from mapping and DEM 
interpretations, shallow geophysical surveys and 
boreholes, combined with interpretation of reprocessed 
industry 2D seismic reflection profiles (Zellman and 
Ostenaa, 2016), we can show: 1) the Cheraw fault extends 
an additional 16 km from its previously mapped northern 
termination, for a minimum total Quaternary rupture 
length of ~61 km, 2) the ~3 m offset of an early (?) 
Quaternary pediment surface along the northeast extension 
near the town of Haswell, is similar in magnitude to the 
post 20-25 ka offset of a late Pleistocene channel reported 
by Crone et al. (1997) along the main trace of the fault, 3) 
seven 2D seismic reflection lines show that the fault 
extends at least to depths of 2 to 3 km into lower Paleozoic 
strata and crystalline basement rock as a steep, discrete 
zone with a dip near 75°, 4) the surface fault trace is a 
reactivated structure, aligned within a broader and 
complex zone showing multiple periods of Paleozoic to 
late Cenozoic deformation, and 5) despite the existence of 
a numerous sinkholes and closed depressions in the region, 
and Permian evaporates below the fault trace, Quaternary 
surface faulting is not related to dissolution within the 
evaporate section, as the fault extends as a planar fault 
through the evaporate section to fully seismogenic depths. 
 
Discussion 

Our new interpretations of the reprocessed seismic 
reflection data provide a source for vertical offset 
measurements on early Cenozoic units that can be 
compared to geomorphic scarp height and offset 
measurements for Quaternary surfaces along the fault. Key 
implications of these new data for seismic hazard models 
include large disparities in slip estimates derived from 
geomorphic vs. stratigraphic data, greater fault length and 
steeper dip than previously used, along with a range of 
new hypothesis for event behaviour and slip rate. The 
seismic reflection data also highlights the role of recurrent 
reactivation along pre-existing zones of structural 
weakness, with different styles of faulting resulting from 
changing tectonic stresses through geologic time. 
 
Table 1 summarizes the fault characterization parameters 
for rupture length and fault dip from two recent national-
scale seismic hazard models (CEUS-SSCn., 2012; 
Petersen et al., 2014) along with potential updates to these 
characteristics driven by new data from this research. Our 
basis for these updates and implications of our new data 
for research and uncertainty estimates are discussed briefly 
here and in more detail by Zellman and Ostenaa (2016). 
 

Table 1. Comparison of Existing Seismic Source 
Characterization Parameters and New Data Constraints for 

the Cheraw Fault 

Parameter 

Data Source and Weighted Parameter Values 
Petersen 

et al., 
2014 

CEUS–SSCn, 
2012 

New data from 
this research 

Rupture 
length 45 (1.0) 46 

(0.8) 
62 

(0.2) 
61 km 

(minimum) 

Dip 50° (1.0) 50° 
(0.4) 

65° 
(0.6) 

75° (to 2-3 km 
depth) 

 
 
 
Our new mapping of the Cheraw fault (Figures 1A and 2) 
shows a geomorphic scarp expressed in the NED 10 m 

mailto:deano3geo@gmail.com
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DEM data for at least 59 km along the Cheraw fault. This 
length is a minimum because both ends of the scarp 
terminate in areas of active or very young erosional or 
eolian landscapes which extend for several kilometers 
along the strike projection of the scarp. Multiple seismic 
reflection lines northeast of the mapped scarp appear to 
show bedrock structure consistent with that observed along 
the main trace of the Cheraw fault. Based on our detailed 
evaluation and access to one of these 2D seismic lines 
(Line A, Figures 1 and 3), we consider the minimum 
structural or rupture length of the Cheraw fault to be 
bounded for now at Line A, for a total length of 61 km 
(Zellman and Ostenaa, 2016). The strong similarity of 
structure and offsets between Lines A and B, suggests that 
both lines record the same displacement history, despite 
the present absence of mapped geomorphic evidence at 
Line A. 
 
Because the USGS (Petersen et al., 2014) and CEUS 
(CEUS-SSCn, 2012) seismic hazard models pre-date the 
verification of northeast extension of the Cheraw fault, 
both solely or strongly prefer the shorter map trace (Table 
1 and Figure 3) which resembles the original mapped fault 
length (Sharps, 1976). The CEUS model provides 
weighted options for the fault parameters including two 
options for fault length; a 46 km length which corresponds 
to the original mapped extent and a 62 km length which 
includes the original mapped extent and a northeast 
extension (CEUS-SSCn, 2012). The shorter fault length is 
given a higher weight (0.8 vs. 0.2) indicating that it is the 

favored interpretation. The USGS model uses only the 
shorter fault length. Both models include other logic 
branches and weighted options for rupture model, rate, and 
magnitude, which may be somewhat dependent on the 
fault length characterization. For example, both the CEUS 
and USGS fault parameters put most weight on 
characteristic rupture models, with a strong bias (0.7 for 
CEUS and 0.75 for USGS) to magnitudes of 6.8 and 
greater. Rupture lengths associated with these magnitudes 
imply nearly all events rupture the full fault length. 
However, the new data which indicate a minimum fault 
rupture length of 61 km, would now be permissive of 
partial ruptures along strike with magnitudes in the 6.5 to 
7.0 range and associated fault rupture lengths of 25 to 40 
km based on normal fault regressions of Wells and 
Coppersmith (1994). With the longer fault length, a 
recurrence rate model limited to a lower magnitude range 
on the longer fault length could model up to 4 to 6 
earthquakes during the period since 20-25 ka. This type of 
model would still be consistent with the relatively small 
total displacement (3.2 – 4.1 m; Crone et al., 1997)) 
ascribed to two or three events observed in the only trench 
along the fault to date, but effectively doubles the number 
of significant fault ruptures associated with the fault. This 
hypothesis implies differences in event timing along strike, 
despite the relative uniformity of the geomorphic scarp 
height along the entire 61 km length of the fault, and the 
similarity of documented Quaternary offset at the Haswell 
(Section 4.2) and the Crone et al. (1997) trench site. 
 

 
 
Fig. 1: Geologic map (A) and regional stratigraphy (B) along the Cheraw fault with investigation and field site locations. 
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Our interpretation of the 2D reflection lines (Zellman and 
Ostenaa, 2016) shows that total Cenozoic (i.e. post-Dakota 
SS) vertical offset on the Cheraw fault is significantly 
greater, by perhaps an order of magnitude, than the 6-8 m 
cited by Crone et al. (1997) and CEUS-SSCn (2012) based 
on Sharps (1976) structural contours. The 2D seismic data 
show that the Quaternary Cheraw fault appears to have 
reactivated structural features inherited from prior, early 
Cenozoic and older, deformational events. The earlier 
deformation events were primarily compressional, and 
likely produced structures with significant lateral or 
oblique offsets, and steep dips. However, as the 2D 
seismic data do not image upper Cenozoic units, it is not 
clear from that data what proportion of the total Cenozoic 
vertical offset derived from either near-fault or far-field 
projections, should be ascribed to late Cenozoic extension 
versus early Cenozoic compression.  
 
Likewise, our updated estimates for dip of the Cheraw 
fault, which appears to extend into basement structure at 
depths of 2-3 km (Zellman and Ostenaa, 2016), imply a 
significantly steeper dip for the fault than previously 
modeled (Table 1). While the new data imply a much 
steeper dip than usually associated with ruptures on mature 
normal faults in the western United States, contemporary 
normal-fault earthquake ruptures on the Cheraw fault may 
be relatively new occurrences, which follow inherited 
structure derived from earlier tectonic stress regimes. 
Thus, fault ruptures are “forced” to occur on steeper than 

optimal orientations. For Cheraw fault seismic hazard 
models, the data from our research suggest that 
alternatives with steeper dips may need more weight than 
“typical” normal faults.  
 
We favor restricting late Cenozoic offset primarily to the 
narrow, discrete zone of faulting seen in the reflection data 
(Zellman and Ostenaa, 2016). In this interpretation, a 
broader zone of warping and tilting that extends 1-2 km 
from the main fault is viewed as related to the early 
Cenozoic (Laramide) compressional deformation, which 
may have included oblique-normal motion on the steeply 
dipping, discrete fault as well. In this interpretation, 
maximum late Cenozoic vertical offset on the Cheraw 
fault based on seismic Line B, southwest of Haswell, 
would be about 30 m (Zellman and Ostenaa, 2016). 
Maximum late Cenozoic offset from Line A, northeast of 
Haswell is 24 m, but Line A appears to be located near the 
end of the fault, where offset is decreasing. Note that we 
do not identify any Neogene or Quaternary reflectors in 
either seismic line, so the actual offset associated with late 
Cenozoic extension could be significantly less than these 
values. If the late Cenozoic extension faulting includes the 
broader zone of tilting and warping, it implies that surface 
offsets derived from trenching do not fully represent 
seismogenic fault slip, and associated seismic moment 
rates for the Cheraw fault need to be significantly 
increased to account for this unrecognized slip.  
 

 
  
  

       
 
 

Fig. 2: Geomorphic map along the Cheraw fault. 
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Finally, our investigations at the Haswell site suggest that 
total Quaternary slip, based on the vertical offset of the 
base of the Nussbaum alluvium, could be no more than ~3 
m (Zellman and Ostenaa, 2016). This offset is significantly 
less than the geomorphic offset, ~3-7 m, we would infer 
from topographic profiles at that site (Figure 3). If 
confirmed through further investigations in progress at 
press time, the ~3 m offset of the base of the Nussbaum 
alluvium could represent the entire offset history of the 
Cheraw fault possibly since 3 Ma. This finding could 
imply long hiatus between slip episodes, or that the three 
late Quaternary surface faulting events documented by 
Crone et al. (1997), which appear to drive the primary 
geomorphic expression of the present Cheraw fault, are 
indicative of the total history of a young, new extensional 
phase of faulting. The discrepancy of the stratigraphic 
versus geomorphic offsets may also suggest that the 
extensive active eolian processes along the Cheraw fault 
are overprinting the tectonic scarp in a way that slip 
estimates based on normal profiling approaches along the 
fault have greater uncertainty than previously recognized. 
That uncertainty is compounded by the absence of local 
age control for most of the Quaternary deposits and 
surfaces intersected by the fault. 
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Abstract: The uplift of the earth crust after retreat of Pleistocene ice sheets was not gradual but shock-wise, causing frequent, 
high-magnitude earthquakes. Sufficiently strong earthquakes can be reflected in layers that are characterized by abundant soft-
sediment deformation structures. Similar structures can, however, also be caused by other processes such as gravity-induced 
sacking, and permafrost-related processes. Some fundamental questions therefore arise because Pleistocene seismites must be 
ascribed to glacio-isostatic earthquakes: (1) are most Pleistocene layers that contain abundant soft-sediment deformation 
structures and that were ascribed earlier to periglacial processes due to periglacial processes, indeed? Or (2) were most of them 
due to rebound-related earthquakes? Or (3) were they formed due to both processes, and if so (3a) were the structures formed by 
either periglacial process or earthquakes, or (3b) can some of them result from a combination of both processes? And (4) can the 
origin of soft-sediment deformation structures in glacigenic deposits be reliably determined? 
 
Key words:, soft-sediment deformation structures, seismites, periglacial structures, glacio-isostatic rebound, Pleistocene 
 
 
Earthquakes can reflected in layers (seismites) that are 
characterized by abundant soft-sediment deformation 
structures (SSDS) that give the affected layer (or sets of 
layers) a deformed – sometimes even chaotic – 
appearance over long distances (Van Loon, 2009; Alsop 
& Marco, 2011; Van Loon & Maulik, 2011; Brandes et al., 
2012; Brandes & Winsemann, 2013; Tian et al., 2015, 
2016). The liquefaction needed for the genesis of most 
SSDS requires an earthquake magnitude of at least M = 
4.5-5 (see, for instance, Rodríguez-Pascua et al., 2000). 
Such large earthquakes tend to be followed by 
aftershocks, which also may have magnitudes that are 
sufficient to transform undisturbed sediment layers into 
strongly deformed ones. Seismites due to earthquakes 
triggered by shock-wise isostatic rebound of the earth 
crust after the retreat of Scandinavian ice sheets have 
been described from several European countries, 
including Sweden, Denmark, Germany, Ireland, Poland 
and Latvia (Mörner, 1990, 1991; Knight, 1999; Muir-
Wood, 2000; Kaufmann et al., 2005, Hampel et al., 2009, 
Brandes et al., 2012; Van Loon & Pisarska-Jamroży, 2014; 
Pisarska et al., 2015; Van Loon et al., 2015; Van Loon et 
al., in press).  
Which types of SSDS are formed as a result of shocks has 
been investigated in several experiments (e.g., Owen, 
1992). These experiments showed that particularly load 
casts and associated structures are easily formed. 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 decimeters of the sedimentary succession 
are S-waves. These result in alternations of lateral 
pressure and tension within the sediment, thus allowing 
material to sink into the underlying layer, even if there is 
hardly any difference in density (see Rossetti, 1999). The 
fluidization or liquefaction that may result in the 
formation of load casts can, however, be caused by a 

wide variety of processes, including permafrost-induced 
processes such as cryoturbation, and instabilities 
resulting from reversed density gradients. 
Isostatic rebound can leave traces in the form of 
earthquake-induced SSDS because earthquakes of 
sufficient intensity trigger liquefaction. Liquefaction 
does, however, require not only a water-saturated state, 
but also a trigger. In the case of seismically-induced 
SSDS, a load cast can develop only if liquefaction takes 
place in the layer under the parent layer of the load cast 
or its ultimate form, a pseudonodule (Moretti & Ronchi, 
2011). The type, size and complexity of SSDS in seismites 
are functions of the magnitude of the earthquakes 
(Guiraud & Plaziat, 1993) and the distance to the 
epicenter. The spatial distribution and lateral changes in 
the type, size and complexity of these SSDS can 
therefore be used to locate the epicenter, which is 
sometimes an active or reactive fault.  
Under periglacial conditions, water in sediments can 
induce intense deformation during temperature 
changes around 0°C. The freezing/thawing alternations 
under such conditions affected many sediments during 
the Pleistocene glaciations, resulting in numerous SSDS. 
Some SSDS are considered by several authors (e.g. 
French, 2007) as characteristic of periglacial processes. 
Frost fissures, frost wedges and associated structures 
may, indeed, be a group (and probably the only group) 
that needs only periglacial processes. Cryoturbation (due 
to ice pressure and fluidisation of the sediment after ice 
melting) must, however, be considered as a result of 
typically periglacial processes in combination with much 
more common deformational processes such as loading 
and liquefaction. Examples of load structures formed 
due to periglacial processes and due to seismic shocks 
are presented in Figure 1.   
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Fig. 1: Load structures triggered by periglacial features (A) and seismic shocks (B). 
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It should be noted in this context that load structures 
can develop not only due to periglacial conditions and 
seismic shocks, but also to various other processes and 
conditions, such as reversed density gradients 
(Dżułyński, 1965; Anketell et al., 1970). Considering the 
complexity of the origin of load structures and the 
interpretation of their genesis, these genetic types of 
load structures are, however, out of scope here. 
The final morphology of load casts and associated 
structures depends largely on the initial sedimentary 
setting, the driving force and the duration of the 
deformable state, whereas the nature of the trigger 
mechanism seems to play a minor or negligible role 
(Owen & Moretti, 2011; Owen et al., 2011). In other 
words, SSDS can have identical morphologies, 
independent of whether they were formed due to a 
seismic shock, under periglacial conditions, or due to 
another process (cf. Moretti & Sabato, 2007).  
As a consequence, it is commonly difficult to find out 
what caused the origination of a specific load structure, 
especially when the geological context does not provide 
a clue. This may easily result in incorrect interpretations. 
For instance, many seismically-induced and periglacial 
SSDS result from loading, but the trigger mechanisms 
are completely different. Moreover, one specific 
condition does not necessarily rule out other 
mechanisms: earthquakes may result in seismic shocks 
that cause loading of sediments in a periglacial 
environment, and thus detailed reconstruction of the 
deformational processes is required for a correct genetic 
interpretation. We present some of the main features of 
load casts and associated structures triggered by 
different processes (Fig. 1). 
Our field analyses of load structures indicates that, 
though not always correct – periglacial load structures 
tend to occur in layers or sets of layers (commonly with 
no clearly defined lower boundaries) that tend to 
contain a small variety in SSDS. In contrast, seismically 
induced load structures are found in more clearly 
defined layers of sets of layers that show a wide variety 
of SSDS over their entire extent. We further deduce that 
a significant part of the layers with abundant SSDS that 
were considered until now as periglacial are actually 
seismites with earthquake-induced structures.  
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Abstract: We imaged the three-dimensional architecture of a tectonic basin in the epicentral area of the 2009 L’Aquila 
earthquake (central Italy) through a multidisciplinary approach: 1) Field survey and LIDAR analysis yield to a new structural and 
Quaternary continental deposits map; 2) Time domain electromagnetic soundings (TDEM), coupled with seismic noise 
measurements, and three 2-D Deep Electrical Resistivity Tomography (ERT) transects allowed us to study a complex Quaternary 
continental infill that buried a dissected Mesozoic-Tertiary substratum. 
The infill grew as the interference pattern of two fault systems, occurred at the lower Early Pleistocene. The faults show a stable 
long-term activity with an individual leading fault splay extending to 20 km length, showing an apparent interruption that 
originates from the inherited basin bottom morphology. Major splays of an old fault system limit the leading fault splay and now 
act as segment boundaries or possibly transfer faults between stepping segments. 
 
 
Key words: Central Apennines, extensional basin, ERT, TDEM, ambient noise. 
 
 
INTRODUCTION 
The Mw 6.1 April 6, 2009 L’Aquila earthquake and its 
long aftershocks sequence (Valoroso et al. 2013 and 
references therein) struck a densely populated area in 
the Middle Aterno Valley (central Apennines) and caused 
heavy damage in the town of L’Aquila and surrounding 
villages, resulting in 309 fatalities and thousands of 
injured. As reported also by historical records 
(http://emidius.mi.ingv.it/CPTI; Tertulliani et al. 2009; 
Rovida et al. 2011) this region is one of the most active 
areas of Italy and was repeatedly hit by destructive 
earthquakes.  
Seismological, geodetic and geological data all point to 
a NW-SE oriented, SW-dipping normal fault as the source 
of the 2009 mainshock. Its length is still a matter of 
debate. Different observations and models suggest 
values between 12 and 18 km (e.g. Atzori et al. 2009; 
Cheloni et al. 2010; Cirella et al. 2012; Volpe et al. 2012). 
Its surface expression, known as the Paganica-San 
Demetrio fault system (PSDFS – sensu Civico et al. 2015), 
belongs to a wider system of Pliocene-Quaternary, NW-
SE striking normal faults affecting the whole inner 
central Apennines and responsible for the generation of 
several intermontane continental basins (Cavinato & De 
Celles, 1999; Ghisetti & Vezzani, 1999). The PSDFS 
consists of a >20km long network of Quaternary normal 
faults that formed a wide intermontane continental 
basin: the Middle Aterno basin (Fig. 1). This basin is 
characterized by the presence of an extensive cover of 
lacustrine and fluvial/alluvial deposits accumulated 
upon a Meso-Cenozoic carbonatic and siliciclastic 

bedrock, generally separated by unconformities and/or 
displaced by faulting (Pucci et al., 2015). 
Prior to the 2009 earthquake, the geometry and activity 
of the PSDFS were only roughly known. After the event, 
a significant number of studies have been carried out in 

 
 
Fig. 1: Location map of the 2009 L’Aquila mainshocks 
(M>5.0 - stars) (Scognamiglio et al., 2010; Herrmann 
et al., 2011) and coseismic surface ruptures (see 
Civico et al. 2015 and references therein). Focal 
mechanisms of the mainshock and of the two largest 
aftershocks, historical seismicity (M > 5.0; 
http://emidius.mi.ingv.it/CPTI04), and main active 
faults are shown (modified after: Galadini and Galli, 
2000; Civico et al., 2015; Pucci et al., 2015). 
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the Middle Aterno Valley, in particular along the 
Paganica-San Demetrio Basin, focusing mainly on the 
coseismic geological surface effects, the structural 
setting, the geomorphology and the paleoseismic 
history (see Moro et al. 2013, Santo et al. 2014; Civico et 
al. 2015, Pucci et al. 2015 and reference therein;). There is 
a general discrepancy between the length of the 
seismologic–geodetic modeled fault (up to 18 km), the 
limited size of the primary continuous coseismic surface 
ruptures (3 km), and the significant morphological 
expression of the PSDFS. This stimulated a debate about 
the maximum rupture length of the PSDFS and its 
capability to generate earthquakes stronger than the 
2009 mainshock, with much larger rupture length and 
displacement. 
Some authors focused on the analysis of the Quaternary 
geological and morphological expression of PSDFS at 
the surface, to estimate the role and rate of long-term 
activity of the fault system (Giaccio et al. 2012; Civico et 
al. 2015). 
With the same aim, a few studies focussed on the 
shallow subsurface of the basin, but were limited to the 
northwestern sector (Cesi et al. 2010; Balasco et al. 2011; 
Improta et al. 2012; Santo et al. 2014). Moreover, the area 
lacks deep boreholes, extensive deep geophysical data 
and commercial seismic exploration lines from oil and 
gas industry, thus the overall subsurface structure of the 
Paganica-San Demetrio Basin in its central and 
southeastern sectors is still uncovered. 
Because of this we organized the following workflow: (1) 
characterization of the fault system activity through the 
reconstruction of its detailed geometrical organization at 
the surface, by means of an extensive LiDAR-based 
geological survey; (2) acquisition of the fault-controlled 
Quaternary basin image at depth, by means of a 
combined geophysical approach based on Time-Domain 
Electromagnetic Method (TDEM) coupled with seismic 
noise measurements, and three 2-D Deep Electrical 
Resistivity Tomography (ERT) transects; and (3) 
reconstructing the fault system’s long-term evolution in 
order to mark the permanent fault segments boundaries 
and to define the expected maximum rupture length. 
 
METHODS AND DATA ACQUISITION 
A new 1:25,000-scale high-resolution geological map of 
the Middle Aterno Valley basin (Pucci et al., 2015), 
produced by means of airborne LiDAR analysis and 
traditional field survey approaches was used as surficial 
constrain for the geophysical survey.  
The outcomes of the geophysical surveys were 
integrated with pre-existing data and the few available 
boreholes, in order to produce a smooth map of the top-
bedrock in the study area. 
TDEM is based on the induction of a time-varying 
secondary magnetic field produced by a decay current in 
the ground. The time-decay of this magnetic field is 
related to the propagation of currents deeper into the 
ground and provides information on the conductivity of 
the lower layers. We used a 3-components receiver coil, 
in conjunction with a transmitter square loop of 50 m 
and 100 m size, respectively. TDEM measurements were 

acquired both in central-loop and offset receiver 
configurations, adopting geometry file settings 
according to an instrument calibration performed at the 
Italian reference site for TDEM soundings (Sapia et al., 
2015). We performed TDEM surveys avoiding high-noise 
sites (related to infrastructures/lifelines) and selecting 
data after careful noise tests for each site. Data 
processing was made with the SiTEM software, and the 
resistivity data were inverted with the SEMDI program 
(Effersø et al., 1999) to obtain 1-D vertical resistivity 
models of the subsurface. 
As regards ambient noise recordings, we used the 
classical H/V method (Nakamura, 1989) based on the 
spectral ratio between the horizontal (H) and the vertical 
(V) components of seismograms. The resonance 
frequency (f0) was obtained from the peak of the H/V 
curves. The value of f0, for 1-D structures, is closely 

linked to the mean properties (thickness and shear-wave 
velocity Vs) of the soft soil (Bonnefoy-Claudet et al., 
2006). Assuming the 1-D quarter wavelength 
approximation, we derived the seismic bedrock depth 
(in terms of a range of possible values) from the f0 
values. Vs values of 500-700 m/s were provided by 
surveys carried out in the L’Aquila surroundings and in 
the Middle Aterno after the microzoning activity (Di 
Giulio et al., 2014). Seismic data were recorded using 24-
bit Reftek130 data loggers coupled to Lennartz LE-3D5s 
velocimeters with eigenfrequency of 0.2 Hz. The 
sampling rate was fixed at 250 Hz with recording 
duration of at least 50 minutes. Data processing for 
computing the H/V curves was made with the Geopsy 
code (http://www.geopsy.org). 
As regards electrical resistivity tomography, we acquired 
three deep surveys (up to > 6 km). Measurements were 
undertaken with a multi-electrode 2D device by means 
of the ABEM Terrameter ™ SAS-4000 resistivity meter and 
an ABEM ES1064 C multiplexer. We used a 2.52 km-long 

 
 
Fig. 2: a) calibration by a well log 
(http://sgi.isprambiente.it/indagini/website) of TDEM 1-
D resistivity models (solid red lines) and ambient 
seismic noise depth- interval (solid vertical black 
lines). The 96 m depth of the pre-Quaternary 
carbonate bedrock is detected by both methods. 
Dashed red line indicate respectively the upper and 
lower depth of investigation (DOI) calculated for the 
TDEM output models (Christiansen et al., 2011); b) 
H/V curves computed from noise measurement; c) 
TDEM time-resistivity curve. 
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cable with a set of 64 stainless steel electrodes. Apparent 
resistivity data were measured with different 
configurations (Wenner alpha and pole-dipole): in the 
pole-dipole configuration we used a remote electrode 
(up to 10 km away from the center of the electrode 
array) allowing for an investigation depth > 500 m in the 
central portion of the profiles. Apparent resistivity data 
were processed using ABEM utilities software for 
converting data format and X2IPI software (Robain & 
Bobachev, 2002) for data filtering, while data inversion 
was carried out with RES2DINV software (Loke & Barker, 
1995). 
We first calibrated TDEM and ambient seismic noise data 
using well information. As an example Figure 2 shows 
the abrupt increase of resistivity within the lower depth 
of TDEM investigation range at 90 m depth. At the same 
time, the H/V curves show a peak frequency of 1.5 Hz 
that, assuming an average shear velocity of 550 m/s 
(typical of sandy clays deposits), results in a 90-100 m 
depth of the seismic basement. These kinds of 
measurements were further tested against other 

available geophysical and well data (Improta et al., 2012; 
Porreca et al. 2016), showing a consistent match with 
independent estimates of the basin substratum depth, 
within a <10% uncertainty window.  
We finally obtained 77 TDEM 1-D resistivity models and 
133 H/V curves. This point database, implemented with 
bedrock depth values recovered from boreholes and 
from electrical resistivity tomography served as input for 
a 2-D minimum curvature spline interpolation (70-m grid 
size). We then show two different kinds of maps: 1) the 
depth of the top-bedrock from the ground surface 
(corresponding to an isopach map of the continental 
infill); 2) the absolute elevation of the top-bedrock, 
representative of the true topography of the basin 
bottom under the continental cover (Fig. 3). 
 

 
PRELIMINARY RESULTS AND DISCUSSION 
The result highlights the presence of a complex basin 
morphology that mimics the structural complexities 
observed at the surface. The data illustrate the important 
role of the NNE- and WNW-trending conjugate 
extensional system in the formation of a different 
shaped Early Pleistocene basin. 
The basin is formed by sills separating some 100-300 m-
deep depocenters, with a maximum depth >500 m 
located at the southern end of the Middle Aterno basin 
(Figure 3). This deepest part of the basin has a roughly 
triangular shape with one side paralleling the western 
slope of the valley and a vertex close to the San 
Demetrio ne’ Vestini village. As a consequence, the SE 
side of the depocenter is characterized by a strong 
topographic gradient, in coincidence with the tip of the 
Quaternary basin. Notably, the shape of this maximum 
depocenter is not coherent with the NW-trending, 
Quaternary normal faults affecting the eastern side of 
the basin. This evidence suggests that the onset of the 

Middle Aterno Quaternary basin was controlled by the 
long-term activity of a differently oriented fault system 
that could have played a key role before or together with 
the PSDFS segments through time, and that now act as 
segment boundaries. 
The data of the present work yield new insight to 
reconstruct the 3D image of the Middle Aterno basin. 
Indeed, our study emphasizes the utility and flexibility of 
combining two different methods (TDEM and ambient 
noise) in reconstructing the 3D geometry of the Middle 
Aterno Basin bottom. 
The reconstruction of the physiography of the tectonic-
related Quaternary basin bottom represents a critical 
contribution to the estimation of the fault system 
evolution and thus to the evaluation of the seismogenic 
potential of the active structures. 

 
 
Fig. 3: a) Shape of the continental basin bottom (contour interval: 100 m). The basin architecture is compared with the 
fault system at the surface and the present-day depocentre. b) Gravimetric anomaly map of Cesi et al. 2010. 
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Abstract: We present results of new geomorphic and structural mapping of the Leech River fault near Victoria, British Columbia, 
Canada providing the first evidence for Quaternary surface ruptures on Vancouver Island.  Based on new field and aerial mapping 
aided by 2m LiDAR DEMs, we identify >60 individual, sub-parallel, linear scarps, sags and swales in en echelon arrays that offset 
bedrock and late Pleistocene-Holocene deposits.  Reconstruction of fault slip across an offset post-last glacial maximum (~15 ka) 
colluvial surface near the center of the fault zone requires ~6 m of dip displacement of the colluvial surface, and ~4 m of 
displacement of intervening channels. These data argue that the Leech River fault experienced at least two surface-rupturing 
(≥Mw 6.5) earthquakes since ~15ka. We interpret the mapped scarps as part of a steeply dipping fault zone that is 500-1000m 
wide and 30 - 60 km long that accommodates transpression across the northern Cascadia forearc.  
 
Key words: Quaternary rupture, forearc  faults, British Columbia 
 
 
INTRODUCTION 
 
In the Cascadia forearc of southwestern British Columbia 
(Fig. 1), active forearc strain related to eastward 
subduction of the Juan de Fuca plate and northward 
motion of the Oregon block (e.g., McCaffrey et al., 2013) 
may be accommodated along a network of crustal faults. 
Microseismicity and geodetic data do not easily 
elucidate planar crustal faults in the region, however, 
(e.g., Cassidy et al., 2000; Balfour et al., 2011), and direct 
evidence for Quaternary faulting in British Columbia has 
remained ambiguous.  Geomorphic, trenching, and 
geophysical studies have contributed to the recognition 
of several major active fault systems in the Cascadia 
forearc of Washington and Oregon (McCaffrey & 
Goldfinger, 1995; McCaffrey et al., 2013; Personius et al., 
2014), including the Southern Whidbey Island Fault, the 
Utsalady Point Fault, the Darrington-Devil's Mountain 
Fault (Fig. 1) (Johnson et al., 1996, 2001; Sherrod et al., 
2008; Personius et al., 2014), but no active structures of 
similar significance are currently formally recognized in 
southern British Columbia (e.g., Halchuk et al., 2015). 
 
Here we focus on documenting new evidence for 
Quaternary ruptures along the Leech River fault (Fig. 1), 
an Eocene terrene-bounding fault located in southern 
Vancouver Island that separates schists of the Leech 
River complex from basalts of the Metchosin Fm. (Fig. 2) 
(Muller, 1977; MacLeod et al., 1977). The potential 
Quaternary activity of the Leech River fault  has been the 
focus of several recent investigations because of the 
seismic hazard it may pose to the nearby population of 
Victoria, British Columbia (Fig. 1) (see Cassidy et al., 2000; 
Mosher et al., 2000; Balfour et al., 2011).  The fault has a 

strong topographic expression on Vancouver Island, 
facilitating the construction of several hydroelectric 
dams along its trace (Fig. 2).   It trends into the city of 
Victoria and into the submarine expression of the Devil’s 
Mountain fault zone (Fig. 2; Barrie and Greene, 2015).   
Some authors have suggested that the Leech River fault 
was last active in the Eocene, given a lack of observed 
offset Oligocene and younger sediments along some 
portions of the fault (MacLeod et al., 1977; Fairchild, 
1979). However, we document new geomorphic and 
structural data that indicate the Leech River fault zone 
has been active during the late Quaternary. 
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We use a combination of mapping of topgraphic scarps 
from a high resolution LiDAR digital elevation model 
(James et al., 2010), bedrock and surficial field mapping, 
and collection of structural, geomorphic and 
stratigraphic data to delineate Quaternary fault-related 
features along the Leech River fault.  We identify several 
strands of the Leech River fault that displace late post-
glacial (Clague and James, 2002), Pleistocene to 
Holocene sediments and record at least two 
earthquakes since ~15 thousand years ago. These data 
provide the first evidence for late Quaternary surface 
rupture along a crustal fault in the Cascadia forearc in 
southern British Columbia, and suggest that the Leech 
River fault is only one of a network of active faults that 
accommodate forearc transpression in southwestern 
Canada. 
 
 
OBSERVATIONS 
 
We map fault-related topographic and structural 
features within a ~60 km long by 1 km wide region 
along the Leech River fault to provide evidence of 
Quaternary slip and reactivation of the Eocene terrane 
boundary fault (Fig. 2A). Individual topographic features 
range in length from hundreds of meters to several 
kilometres long, are up to five meters high, and form 
linear ridges, sags and scarps with both north and south 
facing directions (Fig. 2B).  The roughly east-west 
oriented topographic features occur at a high angle to 
the southerly regional ice flow direction during the last 
glacial maximum, confirmed locally from glacial striae 
and streamlined drumlinoids (Fig 2B). Along the eastern 
half of the fault, where we have focused current 
mapping, topographic features coincide with displaced 
geomorphic surfaces, brittle fracture networks, and up-
hill facing scarps.  We discuss three key sites from the 
eastern half of this fault system where field and LiDAR 
data indicate tectonic offset of bedrock and Quaternary 
deposits (Fig. 2B, sites A-C).   
 

 
Site A is located on the south side of the Leech River 
valley, ~5 km west from the abandoned town of 
Leechtown (Fig. 2). Here, we identify an approximately 
east-west striking, >200-m-long and up to 2 m high 
topographic scarp that is uphill (southward) facing 
across a relatively steep, north-facing slope. The surface 
trace of this scarp is located ~100-m south of the fault 
contact between the Metchosin Fm. and Leech River 
Complex.  The surficial geology at the site consists of a 
dense, matrix-supported subglacial till with numerous 
striated clasts, overlain by a ~1 m thick apron of 
colluvium sourced locally from bedrock exposures on 
the steep southern valley wall.  This colluvial surface is 
incised by several steep, linear channels.  Field and 
LiDAR data indicate that both the colluvial surface and 
the channels incising it are vertically displaced by 
several meters across the scarp. Scarp heights measured 
in the field at site A are systematically lower within the 
incised channels (~1m) than on the colluvial surface 
(~1.2 m). The vertical separation across the scarp, 
estimated from regressions through LiDAR-derrived 
topographic profiles, is ~6m at interfluve profiles but 
only ~4 at channel profiles. This observation requires at 
least two surface rupturing events at site A.  The scarp at 
site A is nearly linear in map pattern, but deviates 
northward into channels and topographic lows, 
requiring a steeply (60-90°) north-dipping fault plane. 
The uphill facing scarps at Sites A and the lack of 
consistent lateral offset of displaced channels imply 
thrust-type displacement with minor to no lateral slip 
along this strand of the fault. 
 
Site B is located approximately 5 km to the east along 
strike from site A, where we identify a prominent south-
facing bedrock scarp that intersects the now-abandoned 
town of Leechtown near the confluence between the 
Sooke and Leech Rivers (Fig. 2).  The Leechtown scarp 
can be traced relatively continuously for ~1.5 km along 
strike and is located ~100 m south of the Metchosin Fm-
Leech River Complex contact. An exposure of the fault in 
rock quarry near the center of this scarp exposes several 
steeply north-dipping sub-parallel faults cutting  
relatively undeformed Metchosin Fm. basalt.  Faults 
exposed in this quarry have a 1-2-mm-wide gouge zone 
and one contains sub-horizontal slickenlines consistent 
with strike-slip. At the eastern end of site B, the scarp is 
defined by an ~4 m high, uphill facing bedrock scarp, 
where the northern (upthrown) side of the scarp consists 
of fractured and brittly-deformed Metchosin Fm. basalt, 
and the southern (downthrown) side of the scarp 
contains moisture-rich, fine-grained sediment. The 
apparent north-side-up displacement across the scarp 
and the northward divergence of the scarp trace into 
topographic lows argue for displacement along a steeply 
north-dipping reverse fault, and kinematic indicators at 
the site argue for a strong oblique component to slip. 
 
Site C is located ~5 km to the east of site B, where we 
identify several hundred meter long linear sags, swales 
and benches that cut across relatively smooth, till-
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mantled hillslopes. These scarps have a nearly linear 
trace across topography, but they do not exhibit clear 
upthrown fault blocks, nor a consistent increase in 
surface elevation across the scarps.  Features at this site 
consist of 10-15 m wide disrupted zones that are up to 
~5 m higher than the surrounding landscape, and the 
facing direction of scarps changes along strike. We 
interpret this en echelon stepping of topographic ridges 
and the lateral juxtaposition of topographic highs and 
lows as pressure ridges and mole tracks, developed 
during strike slip or oblique slip faulting. 
 
 
DISCUSSION  
 
The topographic scarps we identify occur parallel to the 
mapped location of the Eocene Leech River fault 
(Fairchild and Cowan, 1982; Massey et al., 2005), but 
none of the mapped fault scarps coincide with the 
lithologic terrane boundary between the Leech River 
Complex schists and Metchosin Fm basalts (Fig. 2), nor 
with local lithologic contacts. Instead, individual 
topographic scarps occur as much as hundreds of 
meters north or south of the lithologic fault boundary. 
Thus these features cannot be explained by differential 
erosion across lithologic contacts.  In addition, where we 
have mapped the litholgoic contact between the basalt 
and schist units, we find evidence for mylonitc fabrics 
and foliated fault fabrics, but do not find evidence for 
discrete brittle structures or fault gouge.  Conversely, 
where we identify fault planes in bedrock associated 
with topographic scarps, we do not identify any 
mylonitic fabrics, but instead observe discrete fractures 
and gouge-bearing fault zones. The active fault zone, 
therefore, does not likely exactly re-occupy the Eocene 
terrane boundary fault. 
 
We suggest that the identified scarps together delineate 
an active fault system that is up to ~1 km wide and 30-
60 km long (Fig. 2). Within this zone, we observe near 
vertical faults, variable scarp facing directions, laterally 
discontinuous surface scarps, and field evidence for 
strike-slip and reverse faulting. These observations of 
scarp morphology, fault orientations and fault 
kinematics suggest that the active strands of the Leech 
River fault accommodate strike and dip slip motion 
within a steeply dipping fault zone or flower structure.  
Such characteristics are typical of strike slip systems (e.g. 
Sylvester, 1988) and are similar to features observed 
along active oblique-reverse faults in the Pacific 
Northwest (e.g. Johnson et al., 2001; Sherrod et al., 2008; 
Personius et al., 2014). 
 
The offset geomorphic features, faulted bedrock and 
surficial deposits, and prominent bedrock scarps 
mapped along the Leech River fault collectively argue 
that several strands of the fault were active since the 
late Pleistocene.  The strongest evidence for late 
Pleistocene to Holocene ruptures along the Leech River 
fault come from Site A, where the colluvial apron 
overlying basal till morphologically remains both in situ 

and intact.  The colluvial surface and incised channels 
must therefore be no older than the deglaciation 
following the last glacial maximum (~15 ka; Clague and 
James, 2002), and faulting at site A must postdate ~15 
ka. In addition, the difference in scarp height and 
estimated vertical separation between interfluve and 
channel profiles implies multiple episodes of fault 
activity, with at least one event occurring after the 
formation of the colluvial apron, but before channel 
incision, and at least one additional event following 
formation of the channels. Assuming a 60-90° dipping 
fault plane, vertical separations across the scarp equate 
to approximate total dip slip magnitudes of >6.5m for 
interfluve surfaces and >4.5 m for channels.  These data 
indicate ~2m of dip displacement occurred during the 
first event, and ~2 to ~4m of displacement occurred 
during a subsequent event or events.  Given minimum 
estimates of surface dip displacement magnitudes and 
surface rupture length, displacement length scaling  
(Wells and Coppersmith 1994) suggests that the Leech 
River fault has experienced at least two ≥Mw6.5 
earthquakes since ~15 ka. 
 
CONCLUSIONS 
 
Our observations of linear fault scarps and offset late 
Quaternary geomorphic features delineate a >30 km 
long section of the LRF that has been tectonically active 
since the end of the Cordilleran glaciation. This active 
fault zone contains numerous sub-parallel, mesoscale 
faults with variable orientations that together comprise a 
steeply-dipping ~1 km wide fault array or flower 
structure.  While slip sense along individual fault strands 
is highly variable, the orientation and surface 
morphology of fault-related features across the entire 
fault zone strongly suggest that this active fault system 
accommodates forearc transpression. Reconstruction of 
an offset post-glacial colluvial landform requires at least 
two surface rupturing events, each with at least ~2m of 
dip displacement, to have occurred since ~15 Ka.  These 
estimated displacements suggest that the Leech River 
fault is capable of hosting earthquakes of ~M6 within 
kilometers of Victoria, BC.  We suggest that the Leech 
River fault is part of a network of active faults that 
accommodate forearc deformation in the northern 
Cascadia forearc. 
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Abstract:  Compilation of paleoseismic data from several dozen trench sites in the southern San Andreas fault system allows for 
sequencing of the past 1100 years of large earthquakes for the southern 160 km of the main plate boundary. At least three 
generalizations are clear: 1) M7 and larger earthquakes account for most of the moment release in the southern San Andreas fault 
system over the past 1100 years; 2) large earthquakes on individual faults are quasi-periodic but display a relatively high 
coefficient of variation in recurrence time, similar to most long California records; and 3) moment release has temporally varied 
during the past 1100 years but within potentially predictable bounds. Together, the record suggests that the southern San 
Andreas fault is late in the cycle but not necessarily “overdue”, and that a systems level approach may be more accurate in long 
term earthquake forecasting than estimates made from individual faults. 
 
 
Key words: San Andreas fault system, earthquake cycles, plate margin moment release, earthquake recurrence forecasts 
 
 
INTRODUCTION 
 
Understanding the occurrence of earthquakes in space 
and time is key to correctly forecasting future large 
earthquakes.  Thus far, attempts to use forecast 
statistics with various recurrence distributions (Weibull, 
Brownian Passage Time (BPT), log-normal) (Nishenko 
and Buland, 1987; WGCEP, 1988; Ellsworth et al., 1999; 
Biasi et al., 2002) only gain a factor of two increase in 
predictability over random (Poissonian) because the 
coefficient of variation (CoV) on earthquake recurrence 
for a fault segment or paleoseismic site is relative high, 
averaging about 0.6 in California (Biasi and Scharer, 
2015). In this paper, I compile and analyse all published 
and unpublished paleoseismic data for the southern 
160 kms of the San Andreas fault system from the 
Brawley Seismic Zone north to the Banning Pass region, 
including all strands of the San Andreas, San Jacinto 
and Elsinore faults. 
 
The Dataset - Paleoseismic data from the San Andreas 
fault (Sieh, 1986; Sieh and Williams, 1990; Fumal et al., 
2002; Philibosian et al., 2011; Yule and Sieh, in progress), 
the San Jacinto fault (Rockwell et al., 2015; Onderdonk et 
al., 2013; Buga, 2012; Hudnut et al., 1989; Hudnut and 
Sieh, 1989; Gurrola and Rockwell, 1996; Rockwell et al., 
2000; Faneros, 2004) and the southern Elsinore fault 
(Rockwell, 1990; Rockwell and Pinault, 1986; Thorup, 
1998; Vaugan et al., 1999; Rockwell et al., 2013) are used 
to compile the rupture history of 160 km of the southern 
San Andreas fault system in southern California (Figure 
1). In addition to timing of paleoearthquakes from these 
studies, we used offset data from geomorphic and 3D 
trenching studies to estimate average displacement per 
event (Salisbury et al., 2012; Williams, 2009; Pandey and 
Rockwell, unpublished data; Faneros, 2004). Depth of 
rupture is estimated from both depth of seismicity and 
geodetic inversion (Smith-Konter et al., 2011), which 
together with the displacement data, can be used to 

estimate moment release for individual earthquakes 
(Table 1). 
 
A potential problem arises with dating of events at 
nearby sites on the same fault when the event ages do 
not agree well.  This is the case for the southern San 
Andreas fault, where Fumal et al. (2002) recognized only 
5 events in the past 1200 years at the Thousand Palms 
site whereas Philibosian et al. (2011) recognized up to 7 
events at the Coachella site in the past 1100 years. Part 
of the problem may be that the Fumal et al. (2002) study 
was on the Mission Creek strand of the fault zone, 
whereas the Philibosian et al., (2011) study was on the 
combined Mission Creek-Banning fault south of their 
juncture, so the Thousand Palms site may not record all 
events.  However, a larger problem is likely due to 14C 
dating of individual events, which is limited by the 
material that is present to be dated; this problem can be 
exacerbated in arid regions. There is a poor match in 

 

 
Fig. 1: Map of the major elements of the southern San Andreas fault 
system. The dashed box defines the area of consideration. Yellow stars are 
paleoseismic sites used in this analysis. 
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event ages between the two sites, and it is unlikely that 
the 5 Thousand Palm events do not have correlations at 
the nearby Coachella site, so the likely explanation is age 
inheritance in the 14C dates that were used to construct 
the chronology at each site.  This issue is likely to be a 
factor at many or most of the sites around the Salton 
Trough due to the regions aridity and the fact that most 
charcoal is likely derived from Native American burning 
of wood and not from range fires. 
 
Many or most of the problematic sites lie below the 
shoreline of ancient Lake Cahuilla, a freshwater lake that 
periodically inundated the Salton Trough when the 
Colorado River spills north, rather than to its current 
course to the head of the Gulf of California. To 
circumvent the detrital charcoal age issue,  a preliminary 
common chronology for Lake Cahuilla has been 
constructed for the last six lake stands that have 
occurred during the past 1100 years (Figure 2). The ages 
of earthquakes at the various paleoseismic sites that lie 
within the lake have been recalculated based on this 
common lake-age model. 
 
The central and part of the southern San Jacinto fault lie 
beyond the extent of Lake Cahuilla and the chronology 
of large earthquakes is independent from that of the 
lake.  Nevertheless, the Hog Lake chronology is very well 
resolved with dates on seeds (single year 
growths)(Rockwell et al., 2015). The timing of 
earthquakes on the central and southern Elsinore fault 

are not well-resolved, but the slip rate is much lower 
than that of the San Andreas or San Jacinto fault so does 
not account for much of the total moment release.  For 
incomplete records, such as the Superstition Hills and 
Casa Loma strands of the San Jacinto fault, additional 
paleoevents are randomly inserted into the moment 
summation to account for expected moment release 
based on the faults’ slip rate. 

Discussion  
 
Figure 3 plots the moment release for all recognized 
earthquakes >M 6.5 for the faults in the dashed box in 

 
Fig. 2: Age dating of Lake Cahuilla highstands.  A large part of 
the dataset is charcoal and Wood, including in situ stumps, 
that grew between lake intervals. 

 

 
Table 1. Catalog of Paleoseismic Events in the Southern 
160 km of the San Andreas Fault System. 
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Figure 1.  There have undoubtedly been some additional 
moderate earthquakes that are not captured in Table 1; 
there are northeast-striking cross-faults, such as those 
that ruptured in 1942 and 1987, that have not been 
adequately characterized.  Nevertheless, the moment 
contribution of these smaller events is small compared 
to the San Andreas and San Jacinto faults.   

 
A first order observation is that about 90% of the 
expected moment release can be accounted for by the 
known paleoseismic events.  Figure 3 shows that about 
35 mm/yr of the plate margin displacement has been 
accommodated by these known events, whereas the 
geodetic rate is estimated at about 39-40 mm/yr (Fialko, 
2006). 
 
The moderate earthquake history for this region is well-
constrained by the historical record back to about 1890, 
after which there are excellent newspaper accounts, 
diaries, and other sources to examine the historical 
earthquake record, including the introduction of 
instrumental seismology.  Youngs and Coppersmith 
(1985) suggest that about 6% of seismic moment is 
released in the smaller magnitude range and can be 
characterized by a Gutenberg-Richter relationship for 

events below M6. We test that by compiling all M5 to 
M6.3 earthquakes in the area of the dashed box in Figure 
1 and plot moment release from these smaller events in 
Figure 4.  Earthquakes in the range of M5 to M6.3 
account for about 6.7% of the total expected moment 
release, which is about 2.7 mm/yr of the plate boundary 
slip. Combined with the larger earthquakes from the 

paleoseismic record, it appears that nearly all of the plate 
motion is seismic and can be accounted for by historical 
and paleoseismic events for the past 1100 years or so. 
 
Two important observations can be made from the 
moment release record presented in Figure 3.  First, 
although the southern San Andreas fault itself has an 
open interval that is longer than any other interval in the 
past 1100 years, from a system level view, there may 
have been other long periods of suppressed seismicity, 
such as between about 1100 and 1350 AD, when only 
one large earthquake occurred in the system. Thus, the 
relative quiescence of the largest earthquakes in the past 
1100 years is not that anomalous when viewed over the 
past 1100 years, and considering the entire system of 
faults.   
 

                                    
       Fig. 3: Plot of seismic moment reléase in the southern San Andreas fault system over the  
                  past 1100 years, base don data in Table 1. 

 

                                        
  Fig. 4: Plot of moment release from moderate earthquakes (M<6.5) for the past 125 years.  
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That said, the second major observation supports the 
generally held view that the southern San Andreas fault 
appears to be very late in the earthquake cycle.  In fact, 
the entire fault system appears to be late in the cycle. In 
the previous long open interval, nearly every major fault 
appears to have ruptured in a relatively short period of 
time, perhaps as a cluster due to stress triggering from 
nearby faults. 
 
Conclusions 
Compilation of paleoseismic and historical earthquakes 
for the southern San Andreas fault system indicate that 
although the San Andreas fault is 50% beyond its 
average recurrence interval, the plate boundary system 
of faults as a whole can be argued to be very late in a 
regional cycle but not necessarily “overdue”. This study 
demonstrates the need to take a systems level approach 
to understanding earthquake recurrence on complex 
fault systems. 
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Abstract: Evidence for the 340-km-long Fort Tejon earthquake of 1857 is found at each of the high-resolution paleoseismic sites 
on the southern San Andreas Fault. Using trenching data from these sites, we find that the assemblage of dated 
paleoearthquakes recurs quasi-periodically (coefficient of variation, COV, of 0.6, Biasi, 2013) and requires ~80% of ruptures were 
shorter than the 1857 rupture with an average of Mw7.5. In contrast, paleorupture lengths reconstructed from preserved 
geomorphic offsets extracted from lidar are longer and have repeating displacements that are quite regular (COV=0.2; Zielke et 
al., 2015). Direct comparison shows that paleoruptures determined from geomorphic offset populations cannot be reconciled 
with dated paleoearthquakes. Our study concludes that the 1857 rupture was larger than average, average displacements must 
be < 5 m, and suggests that fault geometry may play a role in fault behavior. 
 
Key words: paleoearthquake, rupture length, San Andreas Fault 
 
 
INTRODUCTION 
The last major earthquake on the southern San Andreas 
Fault (SSAF), the M7.9 Fort Tejon earthquake of 9 January 
1857, ruptured the Carrizo, Big Bend, and Mojave 
sections for a total length of 340 km (Sieh, 1978; Zielke et 
al., 2012; Figure 1). In the ensuing 159 years, no 
earthquake larger than M6 has occurred on these fault 
sections, yet average intervals between ground-
rupturing earthquakes at individual paleoseismic sites 
on these sections range from 90 to 140 years. Since Sieh 
(1978) first published a study of the 1857 rupture, several 
efforts have been made to document the extent, and 
thus size, of previous earthquakes on the San Andreas 
Fault in order to answer critical questions: what is the 
typical rupture length for the San Andreas Fault? What is 
the average displacement? We compare two approaches 
to these questions using (1) the age of ground-rupturing 
earthquakes from paleoseismic investigations and (2) 
catalogues of small (1-20 m) offsets on the fault 
determined from field and lidar investigations.  
 
PALEOSEISMIC DATA 
There are six paleoseismic sites along the 1857 rupture 
that provide key data on the recurrence of large 
earthquakes on the 1857 stretch of the SSAF. From 
northwest to southeast, these are Bidart Fan on the 
Carrizo section, Frazier Mountain on the Big Bend 
section, and Elizabeth Lake, Littlerock, Pallett Creek and 
Wrightwood on the Mojave section. The Pitman Canyon 
site on the San Bernardino section does not show 
evidence of the 1857 rupture, but can be used to 
examine continuity of earthquakes to the southeast. 
Each site is characterized by fast sedimentation rates (~5 
mm/yr) and abundant organic material suitable for 
radiocarbon dating, thus providing a high-resolution 
record of ground rupturing earthquakes. The records 

vary in length: the shortest is Littlerock, which has 
evidence of three earthquakes since 1530 A.D., and the 
longest record is Wrightwood, with a record of 29 
earthquakes in 3000 years. Average lognormal intervals 
are about 100 years but vary from as short as 90 years at 
Bidart Fan to 120 years at Pallett Creek (Biasi, 2013; 
Weldon et al., 2013). As each site is a point measurement 
that samples behavior at separate locations along the 
fault, variation of the average intervals could stem from 
location of each site relative to common endpoints of 
ruptures and limited sampling in the shorter records 
(Biasi, 2013). Despite these variations, each site has a 
coefficient of variation (COV) of ~0.6, indicating quasi-
periodic behavior (i.e. between a COV of 0 indicating 
periodic behavior and COV of 1 indicating random 
behavior). At a site, individual earthquake intervals can 
be separated by just a single flood deposit (representing 
a few years) to as many as 305 years (Pallett Creek), but 
tests for clustering show that these periods are not 
significant enough to push the variability past random 
and into clustered behavior (Scharer et al., 2011).  
 
The paleoearthquake ages from each site can be used to 
estimate the rupture length of individual earthquakes 
through time on the SSAF since 1300 A.D. (i.e., a rupture 
history). We modify a SSAF rupture history model from 
Scharer et al. (2014) (Figure 2A) to include earthquakes at 
Elizabeth Lake since 1300 A.D (Bemis et al., this meeting). 
The model was designed to maximize rupture lengths, in 
search of prehistoric earthquakes that could be as large 
as the 1857 earthquake. The most notable pattern since 
1300 A.D. is the greater number of earthquakes at Bidart 
Fan and Frazier Mountain (n=6-7) compared to Elizabeth 
Lake, Littlerock, and Pallett Creek (n=3-4). This requires 
more frequent, shorter ruptures on the Carrizo and Big 
Bend sections of the fault. Despite age overlap, the 
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oldest earthquakes at Frazier Mountain (FM7) and Pallett 
Creek (PCT) are interpreted as separate earthquakes 
because paleoenvironmental observations of a wet 
period around 1350 A.D. preserved at both sites provides 
evidence these are not the same rupture. Specifically,  
FM7 occurred stratigraphically above whereas the PCT 
occurred stratigraphically below the wet period. The 
model indicates that only one 1857-like earthquake in 
the last 700 years is permitted, ca. 1550 A.D. Based on 
empirical relationships in Wesnousky (2008), the rupture 
lengths in Figure 2A (70-350 km) translate to Mw7.2-7.7 
earthquakes, with an average of Mw7.5; alternate 
models can be made that split these long ruptures into 
more but smaller events. For comparison, the average 
magnitude for earthquakes on these sections forecast in 
the UCERF3 model is larger than our estimates (Mw7.8; 
Field et al., 2013). 
 

 
Figure 1. Map of southern San Andreas Fault showing 
Carrizo, Big Bend and Mojave sections and extent of historic 
ruptures. The 1857 earthquake is observed at the Bidart Fan 
(BF), Frazier Mountain (FM), Elizabeth Lake (EL), Littlerock 
(LR), Pallett Creek (PC) and Wrightwood paleoseismic sites. 
PF=Parkfield, CA, PT=Pitman Canyon site. Base map 
produced from 10-m NED data.  
 
GEOMORPHIC OFFSETS 
An alternate approach for unraveling rupture histories 
utilizes small geomorphic features such as narrow gullies 
that are offset along the fault. As long as gullies are 
formed more frequently than large earthquakes occur, 
the cumulative displacement of gullies with each large 
earthquake should produce populations of 
displacements that reveal the rupture extent and 
displacement along strike for each earthquake (e.g., Sieh, 
1978; Zielke et al., 2010; Klinger et al., 2011). For this 
study, we focus on the analysis presented by Zielke et al. 
(2012) for the 1857 stretch of the SSAF. That study used 
0.5-m-resolution lidar data to determine the offset 
between pairs of gully-perpendicular profiles, 
incorporating the trend of each gully relative to the fault. 
Each of their ~450 offsets was determined by a goodness 
of fit measure that provides a best-fit offset estimate 
based on the shape of the profiles and each was 
qualified based on the shape of the gullies and the 
relative orientations of the gullies and the fault. When 
the moderate- to high-quality offsets were evaluated, 
the combined probability distributions exhibited 
pronounced offset populations at ~5 m intervals on the 
Carrizo section (Zielke et al., 2010). To construct a 

possible rupture history for the 1857 stretch of the SAF, 
Zielke et al. (2012) binned measurements in 10-km-long, 
along-fault increments, thereby highlighting portions of 
the fault with common offset populations (Figure 2B). 
When these populations are connected along strike to 
produce cumulative displacement curves, a possible 
model of the sequence of earthquakes emerges.  
 
MODEL COMPARISON 
We apply the rupture history determined from the dated 
paleoearthquakes (Figure 2A) to the displacement curves 
determined from geomorphic offsets (Figure 2B). In this 
approach, application of the sequence of dated 
earthquakes at each site (coded by color in 2A) to the 
sequence of displacements produces problems in the 
sequence and possible extent of individual earthquakes. 
For example, if the second displacement curve from 
Bidart Fan (green line, ca 1750 A.D.) is continued along 
strike, the model requires it pre-dates earthquakes at 
Pallett Creek and Wrightwood that are known from 
stratigraphic relationships to have occurred earlier (the 
1550 and 1700 earthquakes).  Thus, the rupture histories 
determined from these methods are not compatible and 
leave two possibilities: (1) either not all offsets are 
preserved in the geomorphic record, or (2) the 
paleoearthquake records are missing events. We argue 
that the amount of data leading to the paleoearthquake 
rupture history (Figure 2A) makes it the more robust of 
the two models for the following reasons: (1) At each 
site, each paleoearthquake is observed in multiple 
trench exposures and occurs at a unique stratigraphic 
interval that records the ground surface at the time of 
the earthquake. (2) Each earthquake is radiocarbon 
dated. (3) There is a similarity of the records at 
neighboring sites even though a different group of 
investigators completed each site. In contrast, the 
geomorphic displacements are not dated, and require 
that gully-forming events occur along the fault at least 
every 100 years.   
 
The results of this comparison imply that average 
displacements for the SSAF are < 5 m, and that the 
regular 5 m-spacing for the Carrizo section is a 
consequence of measurement approach, limited data, or 
chance. There have been several studies on the 
uncertainties associated with geomorphic offset 
measurements (e.g., Gold et al., 2013; Scharer et al., 2014; 
Salisbury et al., 2015; Zielke et al., 2015); each illustrates 
that interpretations about gully width, how this width 
evolves over time, and how geomorphic features are 
projected to the fault can contain important epistemic 
uncertainties. We further note that the assumed form of 
the measurement uncertainty can make the results 
appear more regular. For example, we recalculated the 
COV for the Carrizo section replacing the quasi-normal 
distributions produced in the goodness of fit approach 
used by Zielke et al. (2010) with uniform distributions 
that spanned the width limits of each measurement. This 
approach assumes less knowledge about the pre-offset 
shape of each gully and allows for more post-offset 
modification of the gully. The resultant COV (0.6) using 
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these uniform distributions permits far less regular 
behavior.   
 
DISCUSSION 
We focus on two characteristics of the SSAF geomorphic 
displacement curves that are inconsistent with 
observations of modern ruptures. First, the long, smooth 
profiles developed from the displacement curves (Figure. 
2B) are dissimilar to irregular and often asymmetric 
profiles measured in modern strike-slip ruptures 
(Wesnousky, 2008) in which significant along-strike 
variation is seen in field offset measurements. Second, 
the regular 5-m spacing between offsets (Zielke et 
al.,2010) is difficult to reconcile with the more irregular 

and fast pace of earthquakes determined through 
trenching investigations. Zielke et al. (2015) computed 
the COV for the Carrizo section geomorphic offsets (0.2) 
and recognized an incompatibility with the Bidart Fan 
paleoearthquake record that is less regular (COV 0.6). 
They propose that diminished slip expected near rupture 
barriers such as step-overs or multi-stranded sections 
would not be large enough to be preserved in the 
geomorphic record. This idea is supported by analysis of 
historic ruptures that finds distributed deformation 
increases at these barriers thus reducing on-fault offset 
measurable in the gross geomorphology (e.g., Milliner et 
al., 2015).  

 
 
Figure 2. Comparison of earthquake ages and lidar-derived rupture histories. A. Plot of earthquake ages and interpreted rupture lengths along 
1857 stretch of the SSAF. Vertical black bars show possible range of earthquake ages at each site staggered to show sequence of events. Thin 
vertical lines show age range for 3 to 4 earthquakes at Elizabeth Lake since 1350 A.D. and 3 earthquakes since 1530 A.D. at Littlerock. Rupture 
lengths (colored lines) connect sites with compatible earthquake ages to determine a model of maximum rupture lengths utilizing the age data. 
Ruptures are terminated midway between sites when no correlative earthquake exists. Orange dashed line shows rupture length if an 1812 
rupture passed through FM. If 1812 terminated southeast of FM, the FM2 observation can be correlative with BFB as shown by green dashed line. 
PCT and FM7 are not correlated based on paleoenvironmental conditions at each site (see text for details). Only one earthquake, ca. 1550 A.D., can 
be connected through every site, and was as long as the 1857 rupture. B. Plot of lidar-derived cumulative displacements along the same stretch of 
the SSAF modified from Zielke et al. (2012). Vertical grey bars show 10-km bins of offset density with darker colors representing higher quality 
measurements. Black lines connect sections along strike in order to estimate offset distribution and length for successive earthquakes. We 
modified the plot by adding the color to the lines based on the sequence of ruptures from Figure 2A, to illustrate incompatibility between the two 
approaches; it is impossible to make the sequence of colors at each site match the sequence of colors predicted by the dating constraints (Figure 
2A). Dashed circles highlight these locations. For example, if PC experienced 1857, 1812, and 1550 (red, orange, blue) and WW experienced 1857, 
1812, and an earthquake around 1700 (red, orange, yellow), then the sequence of ruptures based on displacements incorrectly places the 1700 
earthquake (yellow) earlier than the 1550 earthquake (blue). Similarly, as drawn, the penultimate event at BF (green) extends along the entire 
section of the fault and would incorrectly require this ca. 1750 earthquake to occur before older earthquakes at PC (1550, blue) and WW (1700, 
yellow). Zielke et al. (2015) proposed that the incompatibility results from rupture barriers that produce lower offsets not preserved in the 
geomorphology. 
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If rupture barriers play a role in the earthquake patterns 
on the SSAF, the rupture history determined from the 
paleoearthquake data (Figure 2A) might illuminate a 
barrier between the Frazier Mountain and Elizabeth Lake 
paleoseismic sites, just southeast of the Big Bend. Duan 
and Oglesby (2005) examined multicycle dynamic 
rupture models on a strike slip fault with this geometry, 
and find that earthquakes are preferentially generated 
on the fault section that is more parallel to plate motion 
(i.e. the Carrizo) and that resultant slip often continues 
just past the bend. These results produce a rupture 
pattern similar to that determined from paleoseismic 
studies (Figure 2A) and could be used to infer patterns in 
rupture directivity and epicenter location. However, 
other features of the fault may be at play and should be 
considered. For example, Fuis et al. (2012) show that 
between Frazier Mountain and Elizabeth Lake, the dip of 
the SSAF fault changes from moderately southwest to 
vertical.  
 
CONCLUSION 
Using paleoearthquake ages on the SSAF, we show that 
a model designed to test for the longest possible 
ruptures can produce only one other 1857-length 
rupture in the last 700 years, ca. 1550 A.D. Given the 
model constraints, ruptures that are half the length of 
the 1857 earthquake (about ~160 km) are most 
common, translating to an Mw of 7.5. We further show 
that for the SSAF, the geomorphic record does not 
appear to resolve each individual rupture, indicating 
gully-forming storms occur on > 100 year intervals. 
Further, this analysis indicates that average per-event 
displacements are < 5 m and are less regular than 
suggested by the landscape analysis. The most notable 
pattern in the paleoseismic rupture histories is the more 
frequent earthquakes on the Carrizo and Big Bend 
sections of the fault, raising the possibility of a rupture 
barrier at the northwest end of the Mojave section. 
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Abstract: Tidal notches have had the potential to form at sea level from ~6,000 years BP in the Mediterranean basin and preserve 
a symmetrical shape comparable to a quadratic polynomial. Statically determined, the roots are defined by the tidal range. 
However, gradual variations of eustatic sea-level rise and coseismic uplift in tectonically active regions contribute to vertical shifts 
of the erosional base at coastlines. As a consequence, the cliff morphology gets modified through time resulting in widening, 
deepening and separation of notches and possible overprinting of older features. In order to investigate successive modifications 
of coastal cliff morphology we developed a numerical model that considers the erosion rate, the erosion zone relative to sea-level, 
the regional sea-level curve, and tectonic uplift rates. The results show, that the present-day notch sequence from top descending 
to sea-level is not inevitably of decreasing age. Furthermore, the initiation of notch formation is not necessarily linked to the date 
of a certain seismic event.      
 
Key words: Tidal Notches, digital modelling, Sea-Level Curve, extensional tectonics, Holocene. 
 
 
Introduction 
 
Tidal notches are widely used as a sea-level marker. 
Notches form due to the contributions of ongoing 
horizontal erosion by chemical, physical and biological 
agents, they develop obvious ecological and 
morphological topographies that range from a few 
centimetres up to several metres deep. When these 
features are raised or submerged from present-day sea-
level, palaeo-historic tectonic activity can be inferred. 
However, it remains unclear as to what present 
morphologies can reveal regarding the palaeo-
magnitude and coseismic uplift/subsidence of historic 
earthquakes.  
Biological erosion dominates notch formation on 
limestone coasts (e.g. Evelpidou et al., 2012). Frequently 
submerged by periodic tides horizontal galleries of 
endolithic bivalves are most active in the midlittoral 
zone, which extends across the tidal range (Pirazzoli, 
1986). Endolithic bivalves act as the primary notch-
forming agent and their habitat is limited to the tidal 
zone so the duration of sustained relative sea-level 
controls how deep a notch indentation develops. 
However, eustasy, isostasy, and vertical tectonic 
movements exhibit considerable spatial and temporal 
variability throughout the Holocene (Lambeck et al., 
2004).  
Boulton and Stewart (2015) compared local sea-level 
curves with associated regional uplift estimates and 
concluded that the highest elevation tidal notch on 
uplifting coasts dates to ~6,000 years BP in the 
Mediterranean. At that time the rate of eustatic sea-level 
rise decreased to ~1 mm/yr and reached gravitational 
equilibrium with the continental lithosphere (Carminanti 
et al., 2003; Stocchi et al., 2005) (Fig. 1). Since the Mid-

Holocene slow relative sea-level changes caused gradual 
changes of the erosional base at emerging coastlines. 
However, in seismically active regions, such as the 
extending Gulf of Corinth (central Greece), rapid 
displacements occur due to coseismic uplift of the 
coastlines that may not have exceeded the tidal range. 
As a consequence of both slow (eustatic) and rapid 
(tectonic) variations in the position of the erosional base, 
notch shape modification occurs. To distinguish 
between notch widening and new notch development is 
challenging (Fig. 2). It has to be expected, that the time 
period for notch formation might be short and the 
resulting indentation is only of minor scale, and that 
massive overprinting and degradation of older features 
has occurred since 6,000 years BP.  

 
Fig. 1: Mid-Holocene sea-level curve for the 
Peloponnese, Greece (after Lambeck & Purcell, 
2005). The gradient of sea-level rise and isostatic 
Holocene regional uplift (orange) are similar not 
until approximately 6,000 years BP.  
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In order to visualise the development of notch 
sequences incorporating eustatic and isostatic balances, 
erosion rates, coseismic uplift, and cliff steepness, we 
present a numerical model that simulates the migration 
of the erosional base through the Holocene. Well dated 
features can operate as inputs in order to verify the 
interpreted results or to indicate missed events due to 
notch degradation.  
 
Dynamic Notch formation 
 
In the first instance, the gradient of relative sea-level 
change determines whether a tidal notch will develop or 
not.  

 
Fig. 2: Logic tree for tidal notch sequence evolution. 
The static notch formation model incorporates only 
the erosion rate (ER) to estimate the notch depth. 
The dynamic model considers gradual sea-level 
(SL) changes due to unbalanced eustasy (E) and 
isostasy (a), and coseismic land displacements. 
Resulting cliff shapes contain widened notches (I), 
emerged notches (b), or a combination of both (c).  

 
For the Mediterranean, estimates of limestone erosion 
rates range from 0.2 - 1.0 mm/yr (Pirazzoli and Evelpidou, 
2013). Thus, balanced conditions between eustasy and 
isostasy have to persist for at least 200 years to develop a 
significant 0.20 m deep notch. The notch height would 
approximately equal the tidal range for which estimates 
range from 0.3 - 0.4 m (Evelpidou et al., 2012). The 
coefficients of a quadratic polynomial can cover the 
requirements to describe such shapes (Fig. 3). Thus, in a 
static model notch depth is specified by erosion rate 
[mm/yr] x time [yr] of a constant erosional base. Minor 

variations of sea-level change are not modelled here.   
The dynamic model calculates the parabolic erosion for 
every year considering both rapid and slow relative sea-
level changes and computes the cumulative sum of 
erosional impacts. Using a local sea-level curve and 
information regarding ongoing isostatic and dated 
coseismic uplift events as inputs to control the migration 
of the erosional base enables the model to describe the 
vertical cliff morphology at a given moment.  

 
Fig. 3: A quadratic polynomial describes the depth 
(f(x)) along a symmetrical notch profile. Floor (F) 
and roof (R) depict the roots separated by the tidal 
range (TR) along the x-axis. The erosion rate (ER) 
corresponds to c and determines the depth of the 
notch after one year. The coefficient b is null since 
the inflection point is at mean sea-level (SL). The 
coefficient a controls the gradient at f(0) and thus 
produces a curved or pointing shape.  

  
The model assumptions are as follows: 

• The erosion rate is consistent through time  
• Erosion only effects the cliff within the tidal 

range with maximum impact at mean sea-level 
and gradual decrease towards the roof and 
floor (e.g., Antonioli et al., 2015)  

• The affected lithology is homogeneous 
• The initial cliff surface is smooth  

 
Results 
 
The Mid-Holocene sea-level curve for Peloponnese 
(Greece) from Lambeck & Purcell (2005) shows a 
monotonically increasing shift (Fig. 1) and does not 
contain characteristics such as a mid-Holocene 
highstand (e.g. Kelletat, 2005) or punctuated variation 
(e.g. Goodman-Tchernov & Katz, 2015). When correcting 
this curve for the isostatic trend the resulting gradient 
indicates balanced conditions and suggests the period 
of notch formation was from ~6,500 years until today. In 
figure 4, a regional uplift rate of 1.2 mm/yr (Boulton & 
Stewart, 2015) is modelled. Using this uplift rate, relative 
sea-level change stagnated starting at ~ 6,000 years BP. 
However, today, a notch is present about 2 m above sea-
level. However, slightly variable gradients within the past 
3,000 years cause grazing towards the erosional zone 
and notch formation at the present-day sea-level.  
Vertical cliff sections above the present-day sea-level are 
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significantly different in shape than those predicted 
without coseismic uplift events. 
Introducing coseismic uplift events creates a stepwise 
modification to the emerging coast function (Fig 5). 
Using the same regional uplift rate as before no 
submerged notches occur but vertical cliff sections 
above the present-day sea-level are significantly 
different in shape than predicted without coseismic 
uplift producing events. The most elevated notch is not 
as deep but significantly higher (at ~2.5 m) than the 
notch predicted in Figure 4. The uplift events lower the 
the erosional base. When sea-level is rising at ~1.2 
mm/yr with a tidal range of 0.4 m, an uplift event of 0.22 
m causes a prolongation of the erosive phase along a 
vertical section of sea cliff.  
In the coseismic uplift model (Figure 5) initial notch 
formation begins prior to uplift event 2. Event 2 in figure 
5 causes  prolongation of the erosional phase of the 
initial notch. Contrarily, event 3 and 4 cause a lowering 
of the erosional base in a period of eustatic and isostatic 
balance (<6,000 BP). As a result, the erosional level 
significantly changes and results in the development of a 
new notch generation in response to each uplift event. 
In accordance to the applied sea-level curve no notch 
can be dated older than ~7,000 years BP.   

 
Fig. 4: Balancing eustatic and isostatic (1.2 mm/yr) 
agents (a) and the resulting notch profile (b) after 8 
kyrs of a shifting erosional base in a tectonically 
stable setting. Cliff slope is 90°, Erosion rate is 0.5 
mm/yr.  

 
A more likely scenario is presented in figure 6. The cliff 
slope is not vertical and the seismic recurrence interval 
chosen is more suitable for the Peloponnese (Gaki-
Papanastassiou et al., 2007). Furthermore, earthquake 
magnitudes are lowered to M6.5 producing only 0.11 m 
of coseismic uplift. The first notch develops at almost 
6,500 years BP at an equivalent modern elevation of 2.2 
m.  Event 2 causes a quasi-relative-sea-level-stagnation 
since eustatic sea-level rise is slightly faster than the 
gravitational uplift at that time. At ~5,900 years BP the 

roof of the initial notch gets significantly degraded and a 
younger generation notch forms at about 2.6 m (modern 
ASL). At 5,400 years BP, event 3 causes a lowering of the 
erosional base of 0.11 m and thus only widens the notch. 
Successive displacements of the erosional base are 
caused by events 4 and 5, at 4,500 and 3,600 years BP, 
respectively. Also, event 5 shifts the erosional base back 
to a level which occurred already 3,000 years ago. 
Subsequent coseismic events are accompanied by 
gradual relative sea-level variations. As a result, 
individual notches are widened and more separated 
than those that formed earlier. 

 
Fig. 5: a) Added five seismic events (arrows) of M7 
of which each produced a coseismic uplift of 0.22 
m. b) Resultant notch sequence.Triangles indicate 
individual notch generations: The oldest generation 
already began to develop prior to event 2 (I). (II) 
and (III) show generations formed due to coseismic 
uplift (Events 3 and 4). (IV) is the result from 
coseismic uplift and eustatic/isostatic disbalance. 
(V) depicts the present-day notch massively 
strechted due to ongoing disbalance.      

 
Discussion 
 
Local sea-level curves can be highly dynamic, c. 8,000 
years BP the rise in relative sea-level was considerable at 
12-20 mm/yr (see Fig. 1); yet, Lambeck et al. (2014) 
highlights that 75% of mid-Holocene sea-level rise 
occurred from 6,700 to 4,200 years BP. In this stage, 
relative sea-level changed at 1.2 mm/yr and thus equals 
the herein modelled regional (gravitational) uplift rate. 
The shift of the erosional base appears to be mainly 
controlled by coseismic uplift during this period. Since 
3,000 years BP, relative sea-level rise has been 
comparatively slow with rates < 1 mm/yr. As a result, the 
modelled notch sequence demonstrates how difficult it 
is to identify the specific timing of when notch formation 
began (see also Goodmen-Tchernov & Kratz, 2015).  
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Modern cliff morphology contains indentations, nips, 
and deepened sections that are not true notches. This 
geomorphology is a product of continuous notch 
formation, repeated overprinting, bedrock 
heterogeniety, storm surge elevations. Gradual sea-level 
change in combination with tectonic activity shifts the 
erosional base along the vertical axis. Therefore, it does 
not necessarily follow that drawdown results in a 
chronological sequence from old to young (see Fig. 6).  
 

 
Fig. 6: a) 10 regulary seperated M6.5 EQ with 0.11 
m coseismic uplift (arrows).b) Notch profiles at a 
certain time during evolution the of present day 
shape. Asterix points on shown correspondig 
profile. Triangles indicate individual notch 
generations. Model input: Cliff slope is 80°, erosion 
rate is 0.5 mm/yr, and isostatic uplift is 1.2 mm/yr.   

 
Conclusion 
 
Dependent on the region and associated local sea-level 
history, Holocene tidal notches can form beginning 
about 6,000-6,500 years BP in the Mediterranean Basin. 
Thereby, the very early stages of counterbalanced 
conditions might not result in the most elevated sea-
level marker at present-day. As a consequence, a notch 
sequence from sea-level upwards does not necessarily 
adhere rigidly to a young to old chronology.   
Stages of almost-stagnation between regional sea-level 
rise and regional uplift (since approximately 4,000 years) 
tend to produce more space between individual notch 
generations. However, resulting notch shapes appear 
widened in comparison to older features formed 6,000-
4000 years BP.   
The model presented makes clear how slow an rapid 
processes bias each other and enables researchers to 
have an enhanced understanding of the evolution of 

tidal notch sequences and thus contributes to 
palaeoseismological research.  
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Abstract: Tidal notches form at sea-level, predominantly on limestone coasts, during the Holocene. When present-day sea-level is 
different from distinct and stacked expressions coastal tectonic activities are inferred, in general. However, the relation between 
the offset of different notch generations and coseismic uplift produced from a single event remains a contentious issue. In order to 
review the evaluation of raised tidal notches in the frame of palaeoseismology, conceptional modelling of tidal notch sequence 
development provides new insights of morphological characteristics. High-resolution topographic data is able to provide the 
potential for the required accuracy to resolve those characteristics. The analysis of surface normal orientation and curvature 
enables the identification of tidal notches on steep cliffs and mapping of their spatial extent.         
 
Key words: Tidal Notches, Holocene, Coastal Tectonics, t-LiDAR, Greece. 
 
 
Introduction 
 
Tidal notches along steep rocky calcareous coastlines 
have been the subject of several studies in the past 
decades, mainly focussed on Holocene relative land 
movements sea-level variation and coastal tectonic 
processes. Resulting in obvious ecological and 
morphological topographies (Fig. 1) ranging from a few 
centimetres up to several metres deep, notches form at 
sea-level within the tidal range by continuous physical, 
chemical, and biological erosion (Pirazzoli, 1986). 
Assuming erosion rates between 0.2 – 1.0 mm/yr 
(Pirazzoli & Evelpidou, 2013), time periods of several 
decades to hundreds of years either in stable conditions 
or with balanced contributions of eustasy, isostasy and 
tectonics are required to form these distinct sea-level 
markers. Due to the rapidly rising post-LGM sea-level 
and slow crustal isostatic adjustments, such constant 
conditions were probably established not before 6 ka BP 
(Carminanti et al., 2003; Stocchi et al., 2005; Boulton & 
Stewart, 2015).  
When the notches are found above or below the modern 
tidal range, coastal uplift or subsidence can be inferred, 
respectively. Warm, microtidal seas with active tectonics 
such as the Mediterranean provide beneficial conditions 
for studies that aim to unravel coastal tectonic activity 
(e.g. Pirazzoli et al., 1982, 1989, 1991; Rust & Kershaw, 
2000; Stiros et al., 2000; Kershaw & Guo, 2001; Evelpidou 
et al., 2012a).   
With a focus on Greek coastlines (Southwestern Crete 
and Eastern Gulf of Corinth), this paper aims to review 
existing knowledge about tidal notch formation, to 
provide new insights on reading exposures in terms of 
palaeoseismology, and to introduce a new methodology 
in order to extract evidence for coastal uplift in discrete 
events.    

 
Fig. 1: Examples of palaeo sea-level markers and 
associated vertical profiles. a) Agio Pavlos 
(Southwestern Crete) raised by the 365 AD M8.5 
earthquake. b) Heraion Lighthouse, Eastern Gulf of 
Corinth. 

 
Tidal notch formation 
 
The term ‘tidal notch’ refers to a horizontal erosion 
feature at sea-level (Kelletat, 2005) due to the coeval 
action of chemical, physical, and biological impacts 
(Antonioli et al., 2015). Pirazzoli (1986) established a 
descriptive vertical classification based on objectively 
determinable characteristics. According to this study, 
tidal notches indicate the location of the midlittoral 
zone, which is vertically limited by the tidal range of 
approximately 0.4 m in the Mediterranean Sea 
(Evelpidou et al., 2012b) (Fig. 2). 
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Fig. 2: Tidal notch formation at sea-level.  

 
Chemical component 
In the literature chemical erosion of calcareous cliffs is 
seen as a minor contributor only. Kelletat (2005) points 
out that dissolution of carbonates is not a common 
effect of seawater exposure, which is already saturated 
with CaCO3. Only localised coastal sections might 
possess decreased saturation levels caused by 
submarine ground water discharge (Evelpidou et al., 
2012b).  
 
Physical component 
Abrasion notches characterised by a well-rounded 
profile and a smooth surface are usually addressed 
separately. Their formation requires a nearby source of 
sand and pebbles that can be transported in suspension 
(Pirazzoli, 1986). Under such conditions the influence of 
biological erosion is likely decreased, if not completely 
extinguished since no organisms survive in these 
grinding environments (Kelletat, 2005).   
A different type of physical erosion that occurs on 
limestone coasts is defined by the rock’s resistance to 
wave action. Structural weaknesses such as cracks, 
fissures, joints, or faults can increase the potential of 
physical erosion. The rock is even more affected when 
turbulent water contains air that gets compressed when 
smashed against the rock and causes cavitation pitting 
(Antonioli et al., 2015). 
 
Biological component 
Biological erosion is commonly assumed to be the 
predominant agent in notch formation (Evelpidou et al., 
2012b) and forms well-defined vegetational belts 
(Pirazzoli, 1986). The sublittoral zone of continuous 
immersion forms the habitat of grazing organisms like 
sea urchins that erode the underlying rock by abrading 
the surface with their hard teeth and radulas. Endolithic 
bivalves, such as the famous Lithophaga lithophaga as 
well as limpets and chitons live in galleries at mean sea 
level. The supralittoral zone is only affected at high tide. 
Here, bioerosion is mainly caused by epilithic algae and 
cyanobacteria.  
 
The shape of tidal notches 
 
The relative contribution of the aforementioned 
erosional mechanisms has not been quantified so far. 
Assuming a constant erosion rate along the tidal range 
and a periodical tide, the potential to graze a cliff within 
the tidal range is maximum at sea-level and decreases 
evenly towards zero at the upper and lower limit of tidal 
influence, respectively. One possible mathematical 
description for the decrease of effective erosion is a 
quadratic function with the tidal range and the 

maximum erosion rate as inputs. Previous observations 
and sketches (e.g. Laborel et al., 1999; Cooper et al., 
2007; Evelpidou et al.,  2012a,b; Pirazzoli & Evelpidou, 
2013; Taboroši and Kázmér, 2013; Trenhaile, 2015) 
support the hypothesis of a first order symmetrical V-/U-
shaped notch (Pirazzoli, 1986) profile (Fig. 1a) with its 
retreat point (hereafter: inflection point) at mean sea 
level. The time controls the depth of a tidal notch if 
lithological, biological and climatic conditions are 
uniform. Deviations from symmetrical shapes occur 
when the cliff exposure is not sheltered to the open sea 
and when the cliff is not vertical.  Furthermore, if the 
lithology is not homogeneous or intersected by 
structural weaknesses asymmetric shapes develop.  

 
Fig. 3: General concept of raised notches. The initially 
straight cliff (t(0)) suffers continuous erosion within the 
tidal range (t(1)) with a maximum erosion rate at mean 
sea-level (dots).  Rapid uplifting events (at t(2), t(4), and 
t(6)) raise the notches above the erosive zone.  

 
Shape modification 
In addition to exposure, and/or organic accretions 
(Pirazzoli, 1986), modification of the notches is also 
caused by processes that act differently in vertical and 
horizontal orientation. When sea-level rise and isostatic 
regional uplift occur at the same rate, a pseudo-stand 
still is produced and the erosional zone keeps its relative 
position along the cliff.  Then the notch is only modified 
in its depth through time but keeps its height as long as 
the lithology is strong enough to support the weight of 
the overburden (Trenhaile, 2015). Vertical modification 
appears through slow and minor sea-level variations or 
due to rapid vertical land movements. Slow migration of 
the erosional zone only produces a widening of the 
existing notch while a rapid coast uplifting (or subsiding) 
event initiates the formation of a new notch (Fig. 3). 
When coastal uplift does not exceed the tidal range, the 
lower parts of the pre-existing notch will be overprinted. 
Furthermore, the amount of coseismic uplift in 
extensional tectonic settings ranges from ¼ to ½ of the 
net slip per event (e.g. Papanikolaou et al., 2010). Thus, 
even moderate to strong events produce only a few 
decimetres of uplift which is not likely to exceed the 
entire tidal range. 
 
Conceptual notch sequence model 
 
The main assumptions for notch modelling are a normal 
curve distribution of erosion with its maximum at mean 
sea-level and its tips at low and high tide, respectively 
(Fig. 4).   
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Fig. 4: Notch evolution incorporating a (I) normal 
distribution of erosion from low to high tide, and (II - IV) 
the effect of rapid land uplift which does not exceed the 
tidal range. (II) Raised older notch and theoretical 
erosion rate distribution. (III) Absolute erosion rates at 
the actual surface. (IV) Resulting cliff morphology 
exhibiting two notch generations. 

 
Applying this model to the actual cliff’s surface does not 
develop a classical ripple notch. Also, the resulting shape 
has its deepest indentation not at mean sea-level. The 
sum of afore and ongoing net erosion results in parts of 
the recent notch to be deeper than at mean sea-level. 
Furthermore, the resulting shape exhibits a significant 
potential for misinterpretation based on more than one 
uplifting events. Figure 5 shows the evolution of a notch 
sequence resulting from three earthquake events of the 
same magnitude and associated uplift each separated by 
the same time period.     

 
Fig. 5: Evolution of a notch sequence. M7 earthquakes 
at t(2), t(4), and t(6) produce successive coastal uplifts 
of 0.22 m. Grey dots indicate former inflection points. 

 
As a result, raised inflection points are not located at the 
deepest indentations of the sequence. Further, uplifts of 
more than half the tidal range do not produce a 
successive deepening of the cliff exposure. The inflection 
points only migrate vertically but are still existent on the 
exposed cliff. If the amount of uplift is less than half of 
the tidal range no remnants of pre-existing notches are 
preserved (Fig. 6).  

 
Fig. 6: Successive evolution of a notch sequence 
experiencing 3 earthquakes (t(2), t(4), and t(6)) of 
different magnitude (M6.5, M6.2, and M6.4) and uplift 
(0.11 m, 0.08 m, and 0.1 m). Grey dots indicate former 
inflection points  

 
The usage of reasonable earthquakes and associated 
mean uplifts (in accordance with Wells & Coppersmith, 
1994) produces a sequence with successive indentation 
into the cliff exposure, when still applying equal 
recurrence intervals. Furthermore, not only the lower 
parts of pre-existing notches but also their inflection 
points and even more towards the roof will degrade. As 
a result, the individual inflection points are only 
projections of previous relative mean sea-levels onto the 

successively incised exposure and do not show any 
distinct geometrical evidence for their existence.  
In sheltered conditions the roof may be preserved and 
allow reconstructing the palaeoseismic history.  

 
Fig. 7: Reading the sequence. The preserved top of 
each notch generation allows reconstructing associated 
inflection points (IP). This figure refers to the notch 
sequence of Fig. 5. 

 
When assuming that the tidal range did not change 
through time and thus the parabolic shape intersects the 
levels of low and high tide, respectively, historic sea-
levels can be reconstructed (Fig. 7). However, 
recognising this potentially minor feature might turn out 
to be challenging.  

 
Fig. 8: Normal orientation and direction (arrows), and 
surface curvature along a vertical notch sequence. 

 
High-Resolution Laser Scanning 
 
High resolution terrestrial laser scanning (TLS) offers the 
opportunity to evaluate an exposure not just by single 
vertical profiles (e.g. Kázmér & Taboroši, 2012) but in a 
full 3D-extent. The high accuracy and precision of the 
resulting point cloud data enables to detect minor 
changes in surface curvature and normal orientation 
(Fig. 8). The majority of surface normals of the concave 
cross-section of the notch is oriented towards the cliff 
(Fig. 8). Only a few knickpoints face towards the sea. 
However, when pointing downwards these normal 
vectors are located at the roof of a notch. Furthermore, 
the curvature represents the bend of a surface within a 
given radius. Thus, the combination of normal 
orientation and the amount of curvature points to 
remnants of older notch generations. The third 
dimension provided by TLS allows comparing the 
evolution of the curvature along the exposure and thus, 
verifying evidence for a raised tidal notch (Fig. 9). 
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Fig. 9: Laser scan from a distinct tidal notch at Agio 
Pavlos (Southwestern Crete). Concave (red) and 
convex (green) patterns represent the roof and the 
center of the notch, respectively. 

    
Conclusions 
 
The symmetrical shape of tidal notches is the result of 
frequent immersion due to constant periodical tides. In 
sheltered conditions, a distinct notch floor and roof form 
at low and high tide, respectively. Ongoing erosion only 
affects the dethp of a notch but not its height. 
Conceptual modelling showed that, following these 
assumptions, complex sequences of raised notches carry 
information on palaeo sea-levels. However, remnants of 
overprinted older features are difficult to recognise. 
High-resolution surface data, such as from TLS, can 
provide the required accuracy to analyse the orientation 
of normals and the curvature along an exposure.  
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Abstract: Despite the intraplate setting, Fennoscandia experienced high-magnitude seismicity during the Holocene.  
Following deglaciation, preexisting bedrock faults were reactivated by a combination of tectonic and isostatic stresses.  
These so called post-glacial faults are well-documented in the north, but recent high-resolution digital elevation data show 
linear escarpments that appear to cut across glacial sediments in central Sweden, some 400 km south of previously mapped 
structures.  One such feature lies just west of the town of Bollnäs and has undergone investigations to determine its origin. 
 
 
Key words: Bollnäs, post-glacial, scarp, Sweden, Fennoscandia 
 
 
INTRODUCTION 
 
The presence of post-glacial faults in Sweden has been 
known for decades (Lundqvist and Lagerbäck, 1976), but 
the recent availability of a high-resolution digital 
elevation model (DEM) (Lantmäteriet, 2015) has revealed 
new information about the location and complexity of 
post-glacial fault scarps (Mikko et al., 2015) .   
 
Examination of the new DEM revealed a linear 
escarpment apparently cutting across glacial sediments 
and landforms near the town of Bollnäs (Fig. 1).  In order 
to determine if this feature is a result of post-glacial fault 
rupture, investigations have been conducted  
 
DISCUSSION 
 
Three lines of evidence support the interpretation that 
the escarpment results from post-glacial faulting.  A) 
Trenches excavated across the scarp reveal faulted 
glacial sediments and landslides down the scarp overlain 
by undisturbed flat lying sediments (Fig. 2).  B) Trenches 
atop an esker reveal water escape structures,  
interpreted to be seismites (Fig. 3). C)  Numerous paleo-
landslides exist in non-susceptible deposits on low-angle 
slopes (Fig. 4).  The rupture dimensions suggest a paleo-
seismic event of magnitude ~6.2 (Smith et al., 2014) 
according to the relationships reported by Wells and 
Coppersmith (1994).  The stratigraphy of the trench 
indicates that faulting occurred shortly after deglaciation 
and is consistent with bog bottom dates from landslide 
scars that indicate sliding occurred prior to 10,200 
calendar years before the present (Smith et al., 2014).  
These results are consistent with modeling results of 
fault instability following deglaciation (Wu, 1998). 
 
 

 
Fig. 1:  Shaded relief DEM showing the east-facing Bollnäs scarp 
marked with arrows. The location within Sweden appears in  the 
upper right corner.  Trenches have been excavated at the black 
squares.  Figure adapted from Smith et al. (2014). 
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Fig. 2:  On the eastern side of the photo, varved glaciolacustrine 
clay conformably overlies till.  The clay is truncated by till and 
the varves have been dragged into a nearly vertical orientation 
along the till clast.  Figure adapted from  Smith et  al. (2014) . 
 

 
Fig. 3: Water-escape structures located in a flat upland 
environment about 2.5 km from the scarp.  No evidence of rapid 
sedimentation by landsliding was found, and the water-escape 
structures are interpreted to result from liquefaction of sand 
during a paleoseismic event.  Figure adapted from Smith et al. 
(2014). 
 
 
 
 
 
 
 
 

 
Fig. 4:  Shaded relief DEM of landslides in till interpreted to be 
triggered by paleoseismicity.  Radiocarbon dates of organic 
material overlying the landslides date to shortly after local 
deglaciation.  Figure adapted from Smith et al. (2014).   
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Abstract: Reliable seismic hazard assessment needs a data base comprising as much as possible complete historical and 
paleoseismic evidence and all available information on locations and properties of seismic sources, e.g. active faults and -
supplementary in areas of moderate seismicity - also models of seismotectonic zones. The present project deals with these issues 
for Germany and Central Europe. Historical seismicity is being reviewed and a data base of existing paleoseismic evidence in 
Central Europe has been established recently. The German catalogue of historical seismicity of BGR covers 1200 years. Present 
work focuses on the re-evaluation of events by modern standards of historical research and seismological evaluation. Up to now 
the paleoseismic database does not cover all areas of significant seismicity in Central Europe so paleoseismic investigations are 
carried out in these areas. A data base of active faults and seismogenic structures will be compiled. Furthermore a comprehensive 
concept for the derivation of seismotectonic zoning will be developed. 
 
Key words: Seismic hazard assessment, historical seismicity, paleoseismic evidence, active faults, Central Europe. 
 
 
INTRODUCTION 
 
As recurrence intervals of the larger earthquakes in 
intraplate settings like Central Europe are in the order of 
many thousands of years, historical seismicity, 
paleoseismic and neotectonic evidence have to be taken 
into account to obtain reliable seismic hazard 
assessment, e.g., Vanneste et al. (2013) and Grützner et 
al. (2016). This includes the locations and properties of 
the seismic sources, e.g. active faults and models of the 
seismotectonic zones. The paper summarizes the 
compilation of the data for Germany and Central Europe. 
Historical seismicity is being reviewed on a regular basis 
(Leydecker, 1986 and 2011; Kaiser et al., 2014). A data 
base of existing paleoseismic evidence in Central Europe 
has been established recently and is being extended 
(“PalSeisDB”, see Hürtgen et al., 2015). A data base of 
active faults and seismogenic structures will be compiled. 
Furthermore a comprehensive concept for the derivation 
of seismotectonic zoning will be developed.    
 
PROJECT CONTEXT  
 
In 2011 a revised version of the German Nuclear Safety 
Standard, called KTA 2201.1 (Design of Nuclear Power 
Plants against Seismic Events) was published (KTA, 
2011). It explicitly demands the use of paleoseismic 
studies which results have to be considered in the 
estimation of seismic hazard at the sites of the nuclear 
power plants. As a consequence the paleoseismic data 
base “PalSeisDB” was established as up to then no 
compilation of paleoseismic evidence existed.  
 
The elaboration of the data base for seismic hazard 
assessment in Central Europe can be attributed to several 

international activities. One is the SHARE project in 
which a harmonized seismic hazard model for whole 
Europe was established by several groups of leading 
experts in earthquake geology, seismology and seismic 
hazard assessment (Giardini et al., 2013). The results of 
the SHARE project which include catalogues of seismicity 
and a compilation of active faults in Europe have to be 
refined and supplemented at the regional and local scale.  
 
Other international projects aiming at the improvement 
of the data base are the PEGASOS project in Switzerland 
(Probabilistic Seismic Hazard Analysis for Swiss Nuclear 
Power Plant Sites, Renault, 2014) and the CEUS project in 
the USA. In PEGASOS around 200 historical earthquakes 
with epicentral intensities larger than VI were re-
evaluated by a team of historians and seismologists. 
Many events had to be rejected as fakes and the source 
parameters of most events were adjusted by a significant 
amount compared to previous estimations. A prominent 
example for the use of paleoseismic evidence is the CEUS 
project (Central and Eastern United States Seismic 
Source Characterization for Nuclear Facilities, CEUS-SSC, 
2012) in which course the knowledge on seismicity and 
locations of seismic sources in this part of the United 
States could be greatly enhanced and incorp0rated into 
the seismic hazard assessment. The Central and Eastern 
United States show moderate seismicity like Central 
Europe which is considered here.        
 
HISTORICAL SEISMICITY 
 
The historical seismicity of Germany and adjacent areas 
was compiled and published by Leydecker (1986) and 
updated by Leydecker (2011). It covers the time period of 
800 AD up to present. Figure 1 displays the distribution of 
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events with epicentral intensities larger than VI which 
roughly is the lower bound for the damage of buildings. 
Beyond the German borders only events with epicentral 
intensities larger than VIII and up to 200 km distance are 
included completely in this catalogue.  
  

 
 
Fig. 1: Damaging earthquakes in the German Earthquake 
Catalogue: smallest size (yellow) indicates epicentral 
intensity range from VI-VII, followed by next larger size 
(orange) from VII-VIII, VIII-IX (red) and largest symbols 
indicating larger than IX in black (Leydecker, 2011). 391 
events, time interval 800 AD up to present. Polygons mark 
the seismotectonic zones given by Leydecker & Aichele 
(1998).     
 
The seismotectonic zone model of Leydecker & Aichele 
(1998) is displayed in Figure 1 as well. Moderate but 
significant seismicity is found in the Alpine Mountains in 
the South, in the Upper and Lower Rhine Graben in the 
West which are part of the European Rift system and the 
Swabian Jura related to the Upper Rhine Graben. A short 
review of the geological framework is given in Hürtgen et 
al. (2015). 
 
Presently the German Earthquake Catalogue is being 
updated and extended in several ways. First the historical 
events and the instrumentally recorded events were 
combined in one common catalogue data base. It had to 
be extended to meet the different requirements in the 
documentation of instrumentally recorded seismicity on 

one side and seismicity inferred from historical sources 
on the other side, see Kaiser et al. (2014).  
 
A pilot study was performed to test the reliability of 
source parameters of the historical events which in most 
cases were not inferred from primary sources like 
newspaper articles and entries in chronicles but from 
compilations in secondary literature. In the 8 investigated 
cases the results of the study of the primary sources are 
not consistent with the source parameters in the 
catalogue (Hammerl, 2015). Thus in the future the study 
of primary sources by historians will be enhanced. This 
might also result in the identification of fakes meaning 
that the reported events in the historical sources cannot 
be attributed to an earthquake.  
 

 
 
Fig. 2: Individual intensity data points for the event near 
the village of Posterstein in 1872. Blue points denote 
intensity IV, green points intensity V, yellow points 
intensity VI and orange points intensity VII. The displayed 
circles around the epicenter have the same areas as the 
isoseismal areas for IV to VI given in literature (Grünthal & 
Schwarz, 2001), VII not shown.      
 
Furthermore the magnitudes of historical events will be 
determined in a systematic manner as up to now the 
catalogue only contains epicentral intensities for most 
historical earthquakes. Several strategies exist to 
succeed. One method was suggested by Johnston (1996) 
who inferred empirical relations of moment magnitude 
and the area of single isoseismals. An example is given in 
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Figure 2. It is the event near Posterstein in the Eastern 
part of Germany in 1872. Individual intensity data points 
are displayed and circles representing the areas of the 
obtained isoseismals by Grünthal & Schwarz (2001). A 
large scatter of the intensity data has to be stated and 
the method can deliver only imprecise values of MW. 
Evaluation of the isoseismals IV to VII are in the range of 
4.9 to 5.8 and MW = 5.2 is the average value. More reliable 
estimates of MW can be obtained using well distributed 
intensity data points as input (Gomez-Capera et al., 
2015). Therefore a comprehensive macroseismic 
catalogue will be compiled. The environmental seismic 
intensity scale will be applied when applicable (ESI 2007, 
see Michetti et al., 2007).           
 
To increase the data base of historical events beyond the 
German borders the historical seismic catalogues of the 
neighboring countries are added successively, e.g., 
BRGM (2014) and Fäh et al. (2011). 
                   
PALEOSEISMIC EVIDENCE  
 
Figure 3 shows a summary of the content of the 
paleoseismic data base “PalSeisDB” in relation to the 
seismotectonic zones (Hürtgen et al., 2015).   
 

 
 
Fig.3: Dark areas denote a range of 4 to 17 entries in the 
paleoseismic data base, middle dark areas 2 – 4 entries, 
light areas one entry. Most of the zones do not contain any 
evidence, presumably for lack of  investigation.  
 

Although a lot of paleoseismic work has been performed 
in the last decades, paleoseismic evidence is sparse in 
Central Europe, both in terms of temporal and spatial 
distribution. The grey areas in Figure 3, where 
paleoseismic evidence is missing, should not be taken as 
a proof of absence of active tectonics, merely as sign of 
the lack of field investigations. Therefore, these areas 
have a potential as sites for future paleoseismic studies. 
Especially the Lower and Upper Rhine Graben are areas 
of great interest. Findings of seismically induced soft-
sediment deformation features in the North German 
Basin also indicate a potential. Areas in southern 
Germany, the Swabian and Franconian Alb including the 
Franconian Lineament, are characterised by moderate 
seismic activity in historical and instrumental catalogues 
but the expected paleoseismic evidence has not been 
documented there, so far.  
 
In the course of the current work field investigations in 
Northern Germany will be carried out first. Paleoseismic 
evidence has been found in exemplary cases (Brandes & 
Winsemann, 2013) but a systematic search has to be 
conducted. The focus will be on the identification of soft 
sediment deformation by seismic motion in the thick 
Quarternary sediments of the North German Basin.       
 
DATA BASE OF ACTIVE FAULTS AND SEISMO-
TECTONIC ZONE MODEL BASED ON NEOTECTONIC 
EVIDENCE  
 
A comprehensive compilation of active faults in Central 
Europe is still missing, see Reicherter et al. (2008). In the 
SHARE catalogue of active faults in Europe mentioned 
above only few active faults of Central Europe are 
included (Giardini et al., 2013). Obviously all current 
neotectonic evidence has to be compiled on the basis of 
geological, active seismic, seismological, 
geomorphological and remote sensing studies to achieve 
such a data base. This work is currently prepared. The 
“Active Fault Map of Central Europe” and the database 
will be published in full detail and maintained in the 
future. 
 
In regions of low and moderate seismicity it is usually not 
possible to attribute earthquake sources to fault 
structures. This is because the hypocenters are located in 
the crust, in Central Europe mostly well below 5 km 
depth, and it is not obvious how faults at the surface 
extend into the crust and because active faults are often 
buried beneath thick layers of weak sediments and/or 
faults might not be known. In seismic hazard assessment 
the spatial representation of the seismic sources in such 
regions is achieved by defining seismotectonic zones as 
areas or volumes of spatially homogeneous distribution 
of seismicity in terms of the frequency of events as a 
function of magnitude. Sometimes these zones are also 
used to consider seismic background activity of smaller 
magnitude events when faults can be directly 
represented in the assessment using their locations and 
their slip rates.  
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The derivation of the seismotectonic zones was often 
based on the geographical distribution of seismicity (e.g. 
Leydecker & Aichele, 1998), as well as additionally using 
the fault patterns at the surface determined by remote 
sensing analysis (Burckhard & Grünthal, 2009). Currently 
a new approach is developed also taking into account the 
deep crustal structures determined by active seismic 
measurements and the geological and tectonic 
development of the crust in the past, e.g., see Malz et al. 
(2014) and Malz et al. (2015).   
 
DISCUSSION AND OUTLOOK 
 
The current work comprises the compilation of historical 
seismicity, paleoseismic and neotectonic evidence to 
characterize the temporal and spatial distribution of 
seismicity in Central Europe which then can be used for 
reliable seismic hazard assessment. The comprehensive 
data base consists of the German Earthquake Catalogue 
including historical and instrumentally recorded 
seismicity, the paleoseismic database “PalSeisDB”, the 
“Active Fault Map of Central Europe” and a new model of 
seismotectonic zones. Missing information is identified as 
well as the necessity of re-evaluation of data or sources. 
The acquisition of missing data, especially paleoseismic 
investigations, was started but obviously will need a lot of 
effort. The first new paleoseismic investigations are 
performed in the North German Basin. Also the 
evaluation of the primary historical sources which leads 
to reliable source parameters of historical seismicity 
needs a lot of effort from historians and seismologists.             
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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 northeast from Góry Bialskie Mts. on the southwest. We investigated 
geomorphology research of the Biala Lądecka river basin, in order to determine if Quarternary tectonic activity at the 
Sudetic Marginal Fault is contributing to the river’s assymetry. Previous research provided in adajcent area by L. 
Finckh and G. Götzinger (1931), W. Walczak (1954) and A. Ivan (1966), Biala Lądecka river used to flow across the 
Góry Złote Mts. directly to Oderská nížina Lowland during Pliocene; currently it flows to Nysa Kłodzka Basin. Our 
research was focused on analysis of all available cartographic materials (geological and topographic maps), 
available literature and own detail geomorphological mapping of selected landforms. Spatial distribution of these 
landforms such as gullies, erosion trenches, dellens, alluvial plains, alluvial fans, springs, swamps, river terraces, 
could potentially indicate recent tectonic activity in the studied area. Moreover, stream network parameters 
(measured using DEM data) such as changes in erosion intensity indicated in longitudinal and cross-section 
profiles, slope gradient and morphometric indexes, e.g. Stream Length (SL) index (Hack 1973), for Biala Ladecka 
river basin were analyzed. In selected places geophysical measures were used was also performed to discover 
locations of sediments of the Biala Lądecka paleoriver. 
 
 
Key words: Biala Lądecka river, active tectonics, Góry Złote Mts. / Rychlebské hory Mts., Bělský fault, morphometric indexes, 
DEM analysis. 
 
Introduction: 
 
The upper part of Biala Lądecka drainage and 
adjacent study area is located partly in Czech 
Republic, 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. 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 today’s morphology of mountains. 
However the Bohemian Massif is considered as a 
tectonically inactive area, monitoring of micro-
displacements directly on fault planes (eg. gauge 
TM-71 in Na Pomezí cave (Stemberk and 
Štěpančíková 2003) 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. 1: Location. 

 

 
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.  



7th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 30 May to 3 June, 2016, 
Crestone, Colorado, USA 

 
 

INQUA Focus Group on Paleoseismology and Active Tectonics 
 

 
 
The main structure in study area is the 100km long 
Bělský fault (BF), in Poland called Bielawka fault or 
Trzebieszowice-Biala fault. 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 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 a 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). To the NW 
from the study area the BF location is uncertain, near 
Lądek Zdroj 3.83 – 5.46 Ma old volcano and 2 lava 
flows (Birkemajer 2002) may relate to the presence 
of the faults belong to BF zone.  
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 evidences. 
Drainage network parameters may contain useful 
information about present and past tectonic 
movements (see eg. Burbank and Anderson 2001, 
Keller and Pinter 2002, etc.). The spatial distribution 
of selected landforms (eg. gullies, springs, swamps, 
linear shapes of relief, youngest erosion in drainage, 
etc.) based on detail geomorphological mapping was 
analyzed (see Fig. 3) and geophysical research was 
performed  (see Fig.  4).  
 
Analysis and Discussion: 
 
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. 3. It indicates the influence of tectonic 
movements on faults in this area during Cenozoic. 
Recent works about the Sudetic Marginal Fault, 
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, 2016, 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. 3) 
Nowadays 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. 
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 or suggested faults. Moreover these faults 
were based on SL indexes marked as active. 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 eg. 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. 3). 
ERT transect on the saddle between Biala Lądecka 
river basin and Stříbrný p. brook was surveyed to 
determine presence or absence of old river sediment. 
We did 5 ERT profiles with different electrode 
spacing (1m – 5m) and 3 DEMP profiles. No 
sediment presence was observed on this saddle 
indicating no river piracy between these rivers. Other 
ERT profile was surveyed to indicate the presence of 
the BF in this area. It appears as a 100m width zone 
dipping 60° to SSW, covered by a 2-5m thick 
weathered slope sediments.  (see Fig. 4).  
 
Conclusion: 
 
Despite the lack of datable or comparable sediments 
in valleys, no paleoseismic trenching and apparent 
low slip rates shows that combination of detailed 
geomorphological mapping, geophysical research 
and different kinds of DEM analyses are useful to 
determine valley evolution. These preliminary 
investigative techniques suggest the Bělský fault  
may have been active in the Quarternary. Additional 
research will build off of this work. 



7th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 30 May to 3 June, 2016, 
Crestone, Colorado, USA 

 
 

INQUA Focus Group on Paleoseismology and Active Tectonics 
 

 
 

Fig. 3: A geomorphological map.  
 

 
Fig. 4: Electrical Resistivity tomography (ERT) profile across the Bělský fault zone near nameless peak 928m. 
 
 
 

Future work: 
 
The large alluvial fan is placed near 
Złoty Stok in mountain front (eg. 
Walczak 1954). Its evolution may relate 
with movements on the Sudetic 
Marginal Fault. We plan geophysical 
study in this area to discover 
stratigraphic position of this alluvial fan 
and also its spatial extent.  
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Fig. 5 Upper plot: 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 Lower plot: SL index, reason of peaks: E – erosion, Z – fault,  
L – lithostratigraphic boundaries; ? – unknown reason.
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Abstract: We present three case studies of paleoseismic surveys in the Bohemian Massif (Czech Republic) which were carried out 
in various geological environments. An extensive 2-D and 3-D geophysical survey preceded and accompanied the trenching. The 
trenching sites are situated on the faults reactivated in the Quaternary; in north-eastern Bohemian Massif on the Sudetic Marginal 
fault, at the contact of Bohemian Massif and the Carpathian Foredeep in the east (Holešov fault), and in the western Bohemian 
Massif on the Mariánské-Lázně fault in the Cheb basin. Combining paleoseismic trenching with geophysical surveys enabled 
verification and correlation of the results of geophysics with the lithology exposed in the trenches. The methods included 
geoelectrical surveying, electromagnetic surveying, shallow seismics and gravimetry. They enabled to trace the faults laterally 
and to the depth, to map the sediments offset by the faults. The studies from various geological environments show that the 
applicability of a specific geophysical method varies depending on the site conditions.   
  
 
Key words: geophysical survey, paleoseismology, Sudetic Marginal Fault, Upper Morava basin, Mariánské-Lázně Fault, Bohemian Massif  
  
 
During the last decade, several faults in the Bohemian 
Massif that were re-activated during Quaternary have 
been studied. We present three case studies from 
various geological environments where extensive 2-D 
and 3-D geophysical surveys preceded and 
accompanied paleoseismic trenching in order to trace 
the fault with no surface geological expression, to study 
the subsurface expression of the fault and extrapolate 
the geological information from trenches to the depth 
and laterally, to limit studied sedimentary bodies offset 
by the faults, etc.  
The geophysical methods included (i) direct current (DC) 
geoelectrical surveying, i.e. electric resistivity 
tomography (ERT) and micro-scale resistivity profiling 
(mRP); (ii) electromagnetic (EM) surveying, i.e. ground 
penetrating radar (GPR) and dipole electromagnetic 
profiling (DEMP), and magnetotellurics (AMT); (iii) 
shallow seismic refraction (SSR) and seismic tomography 
(ST); and (iv) gravimetric survey (GS). Due to the 
trenching surveys that were conducted at the same sites, 
the results of geophysical measurements could be 
correlated with the lithology exposed in the trenches 
and the methods could be calibrated.   
 
The first trenching site is Bílá Voda, situated in the 
north-eastern part of the Bohemian Massif where the 

morphologically pronounced NW-trending Sudetic 
Marginal fault (SMF) controls the mountain front of the 
Sudeten mountains for ~140 km (Fig. 1).  
The trenches exposed Paleozoic schist juxtaposed 
against Quaternary alluvium overlying the Miocene 
clayey sands, with the alluvium folded down into the 
fault zone. Classic features indicative of significant 
motion included rotation of clasts into the fault and the 
complete mismatch of units across the fault 
(Štěpančíková et al. 2011, 2013). Extensive trenching 
survey (18 trenches) enabled to identify beheaded 
alluvial fan, which is left-laterally offset from its 
supposed source valley at the best estimate of about 
37+ 8 m.   
 
A complex geophysical survey at Bílá Voda site was 
performed as follows: (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 and the offset alluvial fan with low electrical 
conductivity. We used the following geophysical 
techniques: electrical resistivity tomography (ERT), 
audio-frequency magnetotellurics (AMT), shallow 

mailto:stepancikova@irsm.cas.cz


7th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 30 May to 3 June, 2016, Crestone, Colorado, 
USA 

 
 

INQUA Focus Group on Paleoseismology and Active Tectonics 
 

 
 
seismic refraction/seismic tomography (SSR/SST), and 
ground penetrating radar (GPR). SSR and AMT methods 
were used to identify the SMF location at the field. For 
the exact position and course of the fault, detailed ERT 
measurements were employed.  

 
Due to distinct lithologies and related different physical 
rock properties on the 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. Also shallow seismics with the 
geophone interval 1 m showed the fault position 
however rather in the higher depth (8 m) due to similar 
velocities in the superficial part of the geological profile 
in the Quaternary sediments on the hanging wall and in 
the weathered bedrock in the footwall. ERT also revealed 
the limit of the alluvial fan deposits and their thickness, 
which helped in the interpretation of paleoseismic 
survey such as sense of the movements. The results of 
the GPR measurements were only poorly interpretable, 
namely due to strong signal attenuation in the fine-grain 
sediments. Nevertheless, they partly confirmed the 
extent of the alluvial fan sediments. 
 
The second site Brodek is situated in the Upper Morava 
basin, a Late Cenozoic tectonically active region located 
at the contact of Bohemian Massif and the Western 
Carpathians’ orogenic front in central Europe (Fig. 1). The 
site lies on the NW-trending Holešov fault, which 
controls the south-eastern basin margin. It offsets the 
Lower Badenian marine sediments (Middle Miocene) and 
the Plio-Quaternary fluvio-lacustrine sediments at its 

north-western segment, and the allochtonous flysch of 
the Outer Western Carpathians and the underlying 
Karpatian sediments (Lower Miocene) of the Carpathian 
Foredeep in the south-eastern segment, by a minimum 
of 700- to 800-m vertical slip (Špaček et al. 2015).   

Two trenches at the site Brodek exposed Badenian sandy 
clays juxtaposed against Quaternary fluvial sediments of 
probably Late Elsterian (400–460 ka) ‚Brodek terrace’ cut 
by the fault. 2-D and 3-D geophysical measurements 
applied at the site (ERT, DEMP, GPR) clearly distinguished 
between two different sedimentary units and, thus, 
indicated the position of the studied fault. The GPR 
images allowed to distinguish the main lithological 
limits, although the high clay content made the 
interpretation rather difficult. That is why the distinction 
of the thin inclined strata was enabled only due to 
availability of the trench log. The integrated 
interpretation with ERT data allowed cross-correlation 
and identification of some half-pronounced surfaces, 
although quasi-homogeneous blocks of high resistivity 
do not correlate with high reflectivity areas, which is 
uncommon (Fig.  2). Moreover, it enabled the elimination 
of incorrect interpretation of GPR images. 
 
The third site, Kopanina, is situated in the western 
Bohemian Massif, in the Cenozoic Cheb basin, which is 
controlled by the NW-trending Mariánské Lázně fault in 
the NE and which is a part Cheb-Domažlice graben on its 
intersection with NE-trending Eger rift. The area 
represents one of the seismically most active zones in 
central Europe, the Nový Kostel zone famous for the 
earthquake swarms and CO2 emanation. Our trenching 
survey exposed the limit of the Oligocene to Holocene 
basin infill and revealed repeated movements within the 

Fig. 1. Location of the studied sites on digital elevation model (SRTM) of the Czech Republic. Red line – fault;SMF – 
Sudetic Marginal fault; HF – Holešov fault; MLF – Mariánské-Lázně fault; black rectangle – studied sites 1 – Bílá Voda, 
2 – Brodek, 3 - Kopanina 
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Mariánské-Lázně fault zone which tend to be 
successively younger from the basin margin towards the 
basin. The youngest documented faulting offsets the 

radiometrically well dated Holocene colluvium (Fischer 
et al. 2012, Štěpančíková et al. 2015). 
The paleoseismic trenching was combined with 2-D and 
3-D geophysical surveys, which were performed at two 
different scales: (A) Shallow scale up to several tens of 
meters – the detailed survey was realised in order (i) to 
locate exact position of the MLF for trenching, as well as 
(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. (B) The deep survey was focused on 
the subsurface manifestation of the MLF fault zone to 
the depth, naturally with smaller resolution. 
Within the detailed survey, a combined geoelectrical 
survey was used. Electrical resistivity tomography (ERT), 
a direct current (DC) geoelectrical method, was used to 
depict 2-D vertical resistivity sections along the trench. 
Main geological structures as well as tectonic lines were 
identified in both trench walls and parallel ERT sections. 
A spatial distribution of the well-pronounced 
sedimentary body, cut (sheared) by fault, was 
determined on the basis of the 3-D electromagnetic (EM) 
survey employing two different EM methods: (i) high-
frequency ground penetrating radar (GPR) with a 
shielded 250 MHz antenna, and (ii) dipole 
electromagnetic profiling (DEMP) measuring 
conductivity of the subsurface (conductometry). GPR 
measurements were performed in the dense grid of 
parallel profiles, finally interpreted as 3-D time (depth) 
slices. Similarly, the induction measurements of 
subsurface conductivity by means of DEMP were 
transferred to resistivity values and interpreted as depth 
resistivity slices. A combination and consequent 
integrated interpretations of the geoelectrical data sets 
allowed us to create a 3-D geoelectrical model with 
several zones of different resistivity values and different 
reflectivity of the EM signal. Our results confirmed three 

main zones: (i) fine-grain sediments of the Vildstein 
formation of the Cheb basin (lower resistivity values, low 
intensity 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) (Fig. 3). Moreover, the spatial 

Fig. 2. Integrated interpretation of 100 MHz GPR (black-white scale) and ERT (colorscale)sections and trench log (white 
full lines; red line – the fault). White and black dash-dot line - georadar interfaces. A – the ERT is with 1 m electrode 
spacing; B – the ERT is with 0.5 m electrode spacing) 

Fig. 3: 3-D geophysical survey at the Kopanina site – 
depth slices at ca. -2.2 m: (A) DEMP – areal apparent 
conductivity of the bedrock transferred to the apparent 
resistivity values; (B) inset of 3-D GPR depth slice. 
High reflectivity domains in radargram are 
corresponding to the high resistivity zones in DEMP 
pseudosection (depth slice). Lines in the GPR-slice 
indicating main fault structures were confirmed by 
trenching. Geological interpretation: fgs – fine-grained 
sediments of the Vildstein formation, csb – coarse 
heterogeneous sedimentary body with scattered 
concretions, wcr – intensively argillaceously weathered 
crystalline rocks. 
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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. 
 
Deep geophysical surveying was performed to depict 
the MLF zone evidence to the depth. The geophysical 
complex consisted of the deep-range ERT sounding, 
seismic tomography and gravimetric survey.  In contrast 
to detailed ERT measurements with high resolution 
using 1m electrode spacing, two very long profiles with 
length of 1 km and with 10 m electrode distance were 
measured in order to gain maximum possible depth of 
penetration. The deep ERT survey confirmed a steeply 
inclined low resistivity fault zone. The 2.5-dimensional 
modelling of microgravity data shows a steeply dipping 
density contrast between the basin infill and crystalline, 
which are separated by a wedge-like body with medium 
density. This agrees with a steep course of a rather wide 
fault zone indicated by low resistivity values and drop in 
velocity of seismic waves. This can be interpreted by 
deep and intensive disruption/weathering of the 
crystalline rocks along the fault.  
 
The presented case studies showed the usefulness and 
applicability of an individual geophysical method 
depending on different geological conditions.   
Simultaneously, it showed how important is an 
integrated interpretation of different geophysical data 
sets, namely in terms of (i) cross-validation of the results 
of various geophysical techniques (even we often cannot 
compare methods directly due to its different physical 
parameters and/or measurement principles), (ii) 
reinterpretation and processing optimisation of the 
original geophysical models based on integrated 
interpretations, and finally (iii) improvement of final 
geological models.  
Despite the certain difficulties, namely within data 
processing, which needs to be resolved, we would 
definitely recommend to use combined geophysical 
survey, especially an integrated interpretation of 
geophysical data sets, moreover together with trenching 
results. 
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Postglacial faults and paleolandslides in western Finnish Lapland  
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Northern Fennoscandia has experienced high-
magnitude (Mw≈7-8.2) late- or postglacial fault (PGF) 
activity attributable to lithospheric plate stresses and 

glacio-isostatic rebound (Arvidsson, 1996, Olesen et al., 
2004). The occurrence of PGFs includes bending of the 
crust that causes stress at the edge of the receding ice 

 
 
Fig. 1. Postglacial faults (red lines), paleolandslides (green dots) and recent seismic events (orange/yellow dots: 
http://www.seismo.helsinki.fi/english/bulletins/catalog_northeurope.html) in northern Fennoscandia (modified after Lagerbäck 
and Sundh, 2008; Kukkonen et al., 2010; Sutinen et al., 2014a; 2014b; Palmu et al., 2015). 
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sheets, hence the ice-marginal terrains were subjected 
to earthquakes (Stewart et al. 2000). The SW-NE trending 
geometry of the fault lines (Kuivamäki et al., 1998; 
Olesen et al., 2004; Lagerbäck and Sundh, 2008; Sutinen 
et al. 2014a; Fig. 1) suggests that primary forces would 
have been the lithospheric plate stresses, yet glacio-
isostatic adjustment seems to have 
triggered/reactivated the old ruptures.  
In addition, instrumental data have indicated that a 
significant part of recent seismic activity spatially 
coincides with the old PGF lines in the Fennoscandian 
plate (Kukkonen et al., 2010; Fig. 1). The end-glacial or 
postglacial earthquakes have contributed to subaerial 
co-seismic deformations, such as landslides (Lagerbäck 
and Sundh, 2008; Sutinen et al., 2014b). 

 
High-resolution LiDAR-based digital elevation models 
provide an efficient tool to detedect PGF scarps and 
paleolandslides beneath forest canopies (Sutinen, et al., 
2014a; 2014b; Palmu et al., 2015). The spatial distribution 
of these features tend to be coincidental hence 
suggesting that dating of landslide-buried organic 
materials will provide evidence on the frequence of the 
past earthquakes. To enhance faults and paleolandslides 
on the DEM we applied the tilt derivative (TDR) that is 
the arctangent of the ratio of a vertical to a combined 
horizontal derivative (see Sutinen et al., 2014 a). A TDR 
equalizes the amplitude of anomalies and thus 
emphasizes the structural/morphological features. All 
amplitudes are restricted to values between -90° and 90° 
and the zero contours are located close to the source 
contact. 
 
We percussion drilled through the paleolandslide 
accumulations to find buried organic materials and were 
able to reveal several samples for the C14 datings. In 
Kittilä, the buried organic sediments yielded 5050 yrs 
calBP (Fig 4). Other datings of the landslide buried 
sediments in western Finnish Lapland have yielded 
following ages: 1275, 1585, 5860, 10185 yrs calBP. In 
addition, basal peat samples yielded 9480 and 9510 yrs 
calBP from peat bogs developed on the foot wall of the 
Ruokojärvi postglacial fault, just next to the fault scarp in 
Kolari (Fig. 3). A good example of the young events is 
Tilkkua paleoslide in Kittilä (Fig. 5; see location in Fig. 1), 
where the continuous borehole sample revealed gyttja 
beneath 2 m of landslide debris and yielded 1774 yr BP. 
 
Our previous finding of landslide-buried woody 
remnants of birch yielded 9730 yrs calBP in Kittilä 
(Sutinen 2005). We therefore propose that earthquakes 
around 9500-10200 yrs calBP, 5000-5900 and 1200-1600 
yrs calBP occured in western Finnish Lapland. Historical 
earthquakes (M<4) are spatially coincidental with PGFs 
(Fig. 1), yet our results suggest that the recurrency 
interval of major earthquakes may be of the order of 
4000 years within the Fennoscandian plate. 
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Fig. 2 (left). TDR (tilt derivative) enhanced LiDAR image 
of Palojärvi postglacial fault western Finnish Lapland (see 
location in Fig. 1). The vertical displacement is 4.3-6.8 m. 
The postglacial fault was verified by diamond drillings, the 
drilling sites are shown by triangles. Adopted from 
Sutinen et al. (2014a). 
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Fig. 3. TDR (tilt derivative) enhanced LiDAR image of Ruokojärvi postglacial fault in Kolari (shown by arrows; see Kuivamäki et 
al., 1998; Palmu et al., 2015), western Finnish Lapland (location in Fig. 1). The 6-m-high ramp opened in September 2012. 
The ages (crosses) are given for the basal peat samples next to the fault scarp. 
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Fig.4. TDR (tilt derivative) enhanced LiDAR image showing rotational paleolandslides in Levi, Kittilä (location in Fig. 1). A cross 
indicates a percussion drill hole exhibiting peat/gyttja beneath six meters of slide debris (from north) yielding an age of 5055 
cal yr BP. Adopted from Sutinen et al. (2014b). 
 

  
Fig.5. TDR (tilt derivative) enhanced LiDAR image showing rotational paleolandslide in Tilkkua site, Kittilä (location in Fig. 1). A cross 
indicates a borehole site exhibiting gyttja beneath two meters of slide debris yielding an age of 1774 yr BP. 
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Abstract: The Ganges–Brahmaputra Delta (GBD), the world's largest delta, has been built from sediments eroded from the 
Himalayan collision. These sediments have prograded the continental margin of the Indian subcontinent by ca. 400 km, forming 
a huge sediment pile that is entering the Burma Arc subduction zone. The Rooppur NPP site is located in the central part of the 
GBD. Although the site is more than 300 km away from Indo-Burma subduction zone to the east and from Himalayan collision 
zone to the north, these global-scale structures govern to a great extent the seismicity and seismic hazard in the site vicinity. 
Scarps within the site were studied in three trenches. Inclined layers of the trench walls are interpreted as an evidence of erosion 
effect (not tectonic) caused by fluctuations of Ganges River flow-course. 
 
Key words: Ganges–Brahmaputra Delta, scarp, trenching, liquefaction 
 
 
INTRODUCTION 
The Ganges-Brahmaputra Delta (GBD) is located in a very 
complex region, where almost all known types of 
geodynamic regimes interact: continental collision, 
spreading, and subduction (Fig. 1). 

 
Fig. 1: General tectonic framework. Radius of circle around 
the Rooppur NPP site is 320 km. Red line shows Indian 
plate boundary. Black lines are depth isolines of downgoing 
slab; numbers are in km. Arrows show zone of spreading in 
the ocean and strike-slip fault limiting Burmese platelet. 
Tectonic scheme is taken from (DeMets et al., 1990) 
 
Though the region is intensively studied at least since 
1960s, details of its evolution, tectonic structure, and 
geodynamics are still debated. It is generally accepted 
that the GBD, the world's largest delta, has been built 
from sediments eroded from the Himalayan collision. 
These sediments have prograded the continental margin 
of the Indian subcontinent by ca. 400 km, forming a 
huge sediment pile that is entering the Burma Arc 
subduction zone. But where exactly starts the collision is 
not clear. More generally, whether there is tectonic 
activity within the GBD or it is a passive margin of Indian 

subcontinent? The question is not only of academic 
interest, but a crucial issue with respect to the seismic 
hazard evaluation of the Rooppur Nuclear Power Plant 
(NPP) site, Bangladesh. For assessing the seismotectonic 
activity at near-region scale, two circumstances have to 
be kept in mind: a) knowledge on earthquake history is 
very poor (Martin & Szeliga 2010; Szeliga et al. 2010) and 
b) flat topography makes Digital Elevation Models (DEM) 
practically useless in the analysis to identify active 
tectonic structures. In such conditions, 
paleoseismological studies are most promising (The 
Contribution…, 2015). 
 
SEISMOTECTONIC BACKGROUND 
Active faults and lineaments within 320 km of the site 
are plotted in Fig. 2 (Seismotectonic…, 2001). There are 
no active faults within 150 km from the site, but two 
lineaments are about ca. 30 km from the site. 

 
Fig. 2: Map of active faults and lineaments from to 
Seismotectonic Map of India (GSI, 2001). Earthquake 
epicenters are from to the ISC (International…, 2010). Solid 
red lines are faults; thin violet lines are lineaments 
 
The Hinge zone is considered as the most important 
structural element close to NPP site: it is expressed in 
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gravity field and is interpreted to be a step in the 
basement at 15–20 km. There is no evidence of 
geological or earthquake activity associated with this 
zone. Shillong Plateau and Burma Ranges are the main 
seismically active zones. Bangladesh is characterized by 
diffuse seismicity; there are no earthquakes within 40 km 
radius around the site (according to instrumental data 
since 1964).  
 
In this area of flat topography, Madhupur Fault 
bordering Madhupur Hills (only 28 m asl) from the West, 
is clearly expressed in the relief, which contrasts with the 
surrounding plain at 10 m asl. Therefore, elevation 
changes of less than 20 m are readable in the available 
DEM (with selected colour palette, intensity and angle of 
illumination). 
 
Conclusion: there are no mapped active faults or 
earthquakes within the 40 km around the NPP site; there 
are no topographic elements of the DEM, close to the 
site, which can be interpreted as expressions of active 
faults. However, the region is located within complex 
geodynamic setting which requires more close and 
careful studies in situ. 
 
SCARPS AND TRENCHING DATA 
Linear features near the site were evaluated as 
candidates for potentially active tectonic zones (Fig. 3).  

 
Fig. 3: Linear forms near the site and trenches (1 - 3). 
Numbers in violet are pits and holes dug to verify evidence 
of possible liquefaction 
 
Photos show the expression of the linear features at 
surface (Figs. 4 & 5). We excavated three trenches that 
were 1.7 – 3.0 m deep, ca. 100 m long five holes up to 1.5 
– 2 m deep and 26 pits as much as 4 m deep. The latter 
are located more or less homogenously all over the site 
(Fig. 3). These excavations made it possible to obtain 
general view of structure and composition of the near-
surface deposits. 
 
To meet the extended abstract length, we do not 
provide a detailed description of the trench walls. 

 
Fig. 4: The scarp near the pathway in eastern part of the 
NPP site. Total length of the scarp is more than 1 km 
 

 
Fig. 5: Lower part of the slope slightly flooded to the east 
from the scarp 
 
The trench #1 striking ENE crosses the scarp (Figs 6 & 7). 

 
Fig. 6: Exposure in the central and eastern parts of trench 
#1 (NWN wall). Brown sandy and clayey loams are the 
dominant deposits 
 
Photos and sketches give some understanding (Figs. 6 to 
8) of the deposits. In general, three sections can be 
recognized in the NNW wall of the trench #1. In the 
eastern section of the trench near the lowered block on 
the surface up to 30 m flat-lying grayish-brown sandy 
loams with thin interlayers of grey quartz sands and 
grey-brownish clayey loams are present. In the upper 
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part of the cross-section under weak modern soil, there 
is a layer of yellow-grayish sands overlain by grayish-
yellow sandy loams. In general the trench wall is dark 
brownish. 

 
 
Fig. 7: Log of the trench # 1 NNW wall (central segment). 
The zone of structural inconformity between eastern and 
western segments is visible. Legend: 1 – sand fine; 2 – 
stratified sand; 3 – sandy loam; 4 – loamy sand 5 – the 
conventional boundaries of facies transition; 6 – textural 
features are represented in terms of layers; 7 – the 
individual shells of gastropods; 8 – areas sampling for age 
Dating (14 C) (BG-1 is the number of samples); 9 – sod-soil 
horizon (together with the subsurface layer of sandy loam). 
 
The second section of about 15 m coincides with 
gradient zone of the scarp. Here the trench was 3 m 
deep and exposed the following (from top to bottom): 1. 
Modern soil, grey, poor, podzolic – 10–20 cm; 2. Light-
grey sandy loam, thick, dense – 70 cm; 3. Fine-grained 
light-grey quartz sand – 10-15 cm; 4. Stratified grey-
brownish sandy loams – 50-70 cm (thickness increases 
eastward). Upper layers are horizontal. Only the base of 
layer 4 dips eastward at 2-5°. Deposits below include the 
following layers: 
5. Yellowish-brown, fine-grained thin sand with small 
disharmonic folds (vertical or eastward inclined) – 20 cm; 
6. Brownish clayey loams containing gastropod shells; 
the thickness increases eastward from 20 to 120 cm (4 
samples for 14С are collected from different horizons); 7. 
Light-grey fine-grained sand – 10 cm; 8. Brownish clayey 
loams with sand interlayer – 90 cm; these clayey loams 
thinned westward to 40 – 50 cm and are replaced by 
poorly sorted quartz sand containing fractures filled with 
fine-grained sand, inclusions of clayey loams and humus 
fragments (“colluvial wedge” type). Inclination of these 
layers increases from 5 – 8° eastward from top to 10 to 
15° at the base. The trench exposes an unconformable 
contact of the eastward inclined layers and horizontal 
layers of stratified micaceous fine-grained sand with 
visible thickness 80 cm. 
 
The 50-m-long, western section of the trench is 
associated with uplifted block.  

 
Fig. 8: The zone of interbedding in the trench # 1. Samples 
for 14С dating are shown by grey rectangles. Numbers are 
the sample numbers 
 
It is characterized by horizontal thick layers of light 
yellow and grey-yellow micaceous sand with thin 
interlayers of light sandy loams and quartz sands. In the 

intersection of the central and western parts of the 
trench, up to the top horizons, there is erosional contact 
of inclined layers characteristic of the first segment with 
the horizontal layers of older layers of the second section 
(Fig. 6). 
 
We found similar features in trench #2, which is parallel 
to trench #1 and located about 200 m to the south (Fig. 
9). The bedding in layers in the WSW segment of the 
trench #2 is almost horizontal. The general color is light-
grey. 
 

 
Fig. 9: Log of the trench # 2 NNW wall (central segment).  
Legend: 1 – sand; 2 – sand oblique; 3 – loam; 4 – sod-soil 
horizon (subsoil with thin clay sand); 5 –facies transitions 
between sediment section; 6 – textural features of the 
layers of the cut 
 
In general, the trenches reveal the subsurface structure 
and stratigraphy of the Quaternary deposits beneath the 
topographic scarp in the central part of the Rooppur NPP 
site and lead to the following conclusion. The scarp is of 
erosion/deposition nature, not a tectonic, one because 
eastward inclined layers in the central part of both 
trenches uncomfortably overlay horizontal layers to the 
west from scarp, cutting them, and pinching out against 
them under different angles. Eastward from the scarp 
inclined younger layers of the transition zone (central 
segment of both trenches) become sub-horizontal at 
eastern segments. 

 
Fig. 10: General view of the linear lowered element in the 
relief on the western part of the NPP site. The photo views 
toward the south 
 

 
Fig. 11: General view of the linear feature in the western 
part of the NPP site. View of the photo is toward the south 
 
The uplifted western side is characterized by light-grey 
and grey-brown clayey loams and the central part is 
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characterized by dark brown clayey loams. The 115-m-
long trench #3 was excavated in the western part of the 
site across a NNW-oriented linear feature (Fig. 10). The 
feature is 1 km long and is bounded by a 30-m-wide 
depression, which is lowered by 3-4 m. The trench #3 
(Fig. 11) exposed the near-surface deposits beneath the 
scarp. 
 
The cross-section of the NNW wall of the trench can be 
subdivided on three sections. The 60-m-long ENE 
segment contains dense, thick, light-grey and yellowish-
grey, sandy loams interlayered with thin quartz, 
sometimes stratified sands. The layers are sub-horizontal 
in general, but in the western direction they dip gentle 
(1-3°). In the 40-m-long central part, below the modern 
soil and a layer of yellowish obliquely stratified quartz 
sand is a layer of dark-brown clayey loam (Fig. 11). The 
cross-section is erosional; it is conditioned by the ancient 
streamlet of Ganges passing here. 
 
In addition to studies of Quaternary sediments in 
trenches, we studied the exposures in pit that were up to 
4 m deep; the pits were more or less regularly distributed 
over the whole NPP site area. The main goal is to verify 
possible occurrences of seismites (liquefaction-induced 
structures). We omit description of pits but include 
several photos clearly showing absence of any trace of 
liquefaction (Fig. 12). 

 
Fig. 12: Photographs of pit walls 
 
We did not find either primary or secondary 
(liquefaction) evidence of paleo-events based on the 
absence of liquefaction features. The scarps are of 
erosion/deposition origin associated with paleo-
channels of the nearby Ganges River. 
 
DISCUSSION 
1. We stress that the absence of primary evidence of 
paleo surface dislocation in trenches is not enough to 
conclude that no paleoearthquakes have caused strong 
shaking at the site. The Kopili Fault (Fig. 2) has been 
mapped in the area, but Kumar et al. (2016) did not find 
direct evidence of ancient surface faulting. However they 
did report evidence of a paleoearthquake based on the 
wide-spread liquefaction phenomena in the fault zone. 
Their conclusion is supported by modern earthquake 

activity associated with the Kopili Fault (Kayal et al., 
2010). Comprehensive analysis of both primary and 
secondary effects can only be the basis for a sound 
conclusion on absence of paleoearthquake when 
“suspicious” topographic elements have been fully 
analyzed. 
 
2. The fact that scarps can be generated due to 
phenomena other than earthquakes is an important 
conclusion. Few such cases are known. McCalpin (1992) 
reported on the scarp was a shoreline of Pleistocene 
Lake (Utah), and not a range-front fault scarp. Another 
example is when the scarps actually were fluvial terrace 
risers (Chile) (McCalpin, 2013). 
 
3. Based on our results one can assume the GBD (at least 
its central part) is a passive margin of Indian 
subcontinent. 
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Fig. 1: A: Overview of the Central European Cenozoic Rift System (ECRIS) consisting of several graben systems, amongst 
others, the Lower Rhine Graben (LRG), the Upper Rhine Graben (URG), the Bresse-Saône-Graben (BG) and the Limagne 
Graben (BG). The URG is delimited by the Vosges and the Black Forest, two uplifted plateaus, to the west and east respectively 
and by the Rhenish Massif and the Alps to the north and south. The investigation area, presented in B, is marked as a red 
square near the city of Freiburg; In addition, the historical as well as instrumental epicentres in the URG are shown in in map 
A. DEM from SRTM data (green/red) and basemap from ESRI in the background. B: Extent of the five investigation areas, four 
in the south-west and one in the north-east of Freiburg im Breisgau (marked by red squares). In this publication only the first 
results of the investigation area at Denzlingen (Denz, north-east of Freiburg im Breisgau) are presented. DEM from LiDAR data 
(green/red) and SRTM data (green/red) in the background. 



 

 
 

 

 

 
 
Fig. 2: Overview of the Denzlingen investigation site 
showing the location of faults provided by the geological 
map, the project GeORG (LGRB, 2012) and Nivière et al. 
(2008). The red lines show the location of the obtained 
GPR profiles shown in Fig. 3 and Fig. 4 A & B. The black 
circles mark the locations of the structures in the profiles 
interpreted as fault related. 

 
 
Fig. 3: Section of GPR profile 1 between 107 m and 222 m measured with the 270 MHz-antenna at the investigation site 

Denzlingen. The total length of the profile is 1075 m. The location is shown in Fig. 2. Arrows indicate some relevant features. 



 

 
 

 

 
 
Fig. 4: A: section of GPR profile 2 between 0 m and 560 m measured with 270 MHz-antenna at the investigation site Denzlingen. 
The total length of the profile is 710 m. B: section of the combined GPR profile ¾ between 1280 m and 1510 m (end of line), 
measured with the 270 MHz-antenna at the investigation site Denzlingen. The location of both profiles is shown in Fig. 2. Arrows 
indicate some relevant features.  
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Abstract: The west-vergent San Ramón thrust fault is located along the eastern border of Santiago city, Chile, at the foot of the 
western slope of the main Andes Cordillera. Recent observations from a paleoseismological trench excavated across a 4-5 m 
height escarpment revealed two large ruptures of estimated magnitude Mw7.2-7.5 in the past 17,000-19,000 years; the last 
occurred nearly 8,000 years ago. New observations from additional trench support the idea of two major events in the last 17 ka. 
The geomorphology of deformed and tilted fluvial terraces that crosses the fault system indicates increasing incision rates toward 
the structural front, with 0.4 mm/year of tectonic vertical slip in the last ca. 86 ka. The consistency of Quaternary tectonic markers 
along the entire fault system supports its potential for generating strong earthquakes with superficial rupture; we estimate a 
probability of ca. 3% in the next hundred years for such an event. 
 
Key words: Paleoseismology, San Ramón Fault, Santiago, Fluvial terraces, Seismic Hazard. 
 
INTRODUCTION 
 
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; 
Fig. 1). The structural system is constituted by segments 
in the order of 10-15 km length, evidenced by 
conspicuous 4 m to >100 m height scarps systematically 
located along the fault trace that affect Quaternary 
piedmont units, suggesting slip rate in the order of ~0.4-
0.5 mm/year (Armijo et al., 2010; Rauld, 2011). Recent 
observations from a paleoseismological trench 
excavated across a prominent 4-5 m height escarpment 
revealed two last large episodes with superficial rupture, 
with the latest occurred nearly 8,000 years ago (Vargas et 
al., 2014; Fig. 2).  
 
New geomorphological observations from additional 
trench, fault scarps and deformed fluvial terraces 
support the consistency of tectonic markers, as well as 
the capability of this fault to produce large earthquakes 
with superficial rupture, including the occurrence of two 
major events in the last 17 ka. 
 
PIEDMONT UNITS-DEVELOPMENT 
 
Piedmont sediments affected by fault scarps along the 
eastern border of Santiago valley were previously 
grouped in three units assigned to the Early-Middle 
Pleistocene (older unit), Late Pleistocene (middle unit) 
and Late Pleistocene-Holocene (younger unit), 
respectively (Armijo et al., 2010; Rauld, 2011; Fig. 3). New 
geochronological results from radiocarbon and Optically 

Stimulated Luminiscence (OSL) analyses from sediments 
of the younger unit yielded ages ranging from 45-38 ka 
up to 1 ka. The older age is similar to the ages obtained 
from chlorine cosmogenic isotope analyses performed 
on block-rocks disposed on an alluvial surface of this last 
unit, which is affected by a prominent young fault scarp 
where two paleoseismological trenches were excavated 
(Vargas et al., 2014). In addition, this age is similar to 
those obtained from OSL analyses on outwash 
sediments located at 1300 m a.s.l., upstream along the 
the Maipo river valley (Ormeño, 2007), interpreted as the 
result of the maximum advancement of glaciers during 
the Late Pleistocene at this latitude of the Andes of 
Central Chile. Thus, the available geochronological 
results suggest that the beginning of the deposition of 
the younger unit since the Late Pleistocene was driven 
by regional climate conditions characterized by higher 
precipitation rates that induced both alluviation along 
the piedmont of Santiago valley and glaciar 
advancement in the adjacent Andes Cordillera.  
 
The analysis of a paleoseismological trench dug across a 
young fault scarp affecting the younger unit revealed 
two last large earthquakes with superficial rupture in the 
last 17-19 ka (Vargas et al., 2014). Similar age around 16-
17 ka have been found from OSL analyses in alluvial 
sediments taken in an adjacent trench in the same area, 
which confirm the previous chronostratigraphic 
interpretation. According Vargas et al. (2014), some 
alluviation occurred in this area after a penultimate large 
earthquake at ca. 17 ka, but it was less important after 
the last large earthquake at ca. 8 ka; arid climate 
conditions during the Early to Mid Holocene most 
probably contributed to the preservation of the fault 
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scarp. The previous evidences suggest that active 
alluviation associated with the occurrence of torrential 
rainfalls prevailed during the latest Pleistocene in the 
region, but such torrents were rare, almost null, during 
the Early to Mid Holocene. Such a climate evolution 
agrees with previous regional paleoclimatic inferences 
from sites located to the south of this area that suggest 
colder climate and much higher precipitation during the 
Late Pleistocene until 21 ka, increasing aridity and then 
extreme dry conditions during the Early to Mid Holocene 
(Valero-Garcés et al., 2005; Jenny et al., 2002). The 
deposition of a modern alluvial unit began during the 
Late Holocene as suggested by the development of 
youngest alluvial fans that prograded within the Late 
Pleistocene-Holocene Unit (see Fig. 3, for example near 
the trenches location), crossing and concealing the fault 
scarps in some areas (Fig. 3). This is in agreement with 
higher lake levels -with respect to the Early Holocene- in 
the region since 5700 yr BP and especially after 3200 yr 
BP (Jenny et al., 2002), due to the onset of the influence 
of the modern El Niño episodes ---warm phases of ENSO- 
that generally produces torrential rainfall episodes 
inducing alluviation along the subtropical western slope 
of South America (Jenny et al., 2002; Vargas et al., 2006). 
 
GEOMORPHOLOGY OF FLUVIAL TERRACES 
 
Fluvial terraces located along the Mapocho and Maipo 
River valleys exhibit greater development once 
approaching the tectonic front associated to the San 
Ramón Fault (Fig. 3). In the Maipo River valley these 
terraces are particularly well exposed and have been 
grouped in 4 units, named T1 (the youngest), T2, T3 and 
T4 (the oldest). These terraces are characterized by fluvial 
and alluvial deposits with interbedded volcanic layers 
over erosional surfaces on rock substratum. The maximal 
ages obtained from ongoing OSL analyses from T1, T2 
and T3 are 3-1 ka, 22-17 ka, and 86 ka, respectively; for T4 
we suspect a Middle Pleistocene age based on 
extrapolation of incision rates estimated from the 
previous (Fig. 3). Together with the geomorphology of 
these terraces the geochronological data suggest 
increasing incision rates from upstream toward the 
tectonic front associated to the Quaternary activity of 
the fault, especially in the case of T2 and T3 which are 
well exposed and dated in this area (Fig. 3). T3 is, in 
particular, affected by a fault scarp and suggests a 
tectonic vertical offset in the order of 0.4 m/ka in the last 
ca. 86,000 years. The ages of T2 and T1 closely matches 
those found from piedmont units, suggesting also a 
climate control on their origin, similarly to the previous 
discussion. T1 is particularly well exposed upstream but 
exhibits scarce outcrops evidencing intense erosional 
processes in the area of the tectonic front. 
 
IMPLICATIONS FOR THE CHILEAN SEISMIC CODE AND 
URBAN DEVELOPMENT-NORMATIVE  
 
Together with the previous observations (Armijo et al., 
2010; Vargas et al., 2014), the new available data support 
the consistency of the geomorphologic tectonic markers 

associated to the Late Quaternary activity of the San 
Ramón Fault along the entire piedmont of Santiago 
valley between the Mapocho and Maipo rivers. In 
addition to that, it’s necessary to consider recent 
geophysical and seismological observations that 
revealed the structure at subsurface (Díaz et al., 2014), 
and the seismically active character of this fault system 
(Pérez et al., 2014), respectively. Thus, the available 
observations evidence the urgency to include changes in 
the Chilean Seismic Code (NCh433), as well as in urban 
development policies, particularly in the Plan Regulador 
Metropolitano de Santiago, to consider the possibility for 
crustal earthquakes and superficial rupture along active 
structures such as this fault, as already suggested in 
previous report (Seremi Minvu, 2012). One example of 
the relevancy of this matter is the seismic swarm 
occurred in 2007 along the intra-arc transpressional 
Liquiñe-Ofqui Fault System in the Patagonian Andes of 
Southern Chile, which included a Mw6.2 earthquake that 
induced landslides, local tsunami waves and submarine 
superficial rupture causing destruction and fatalities in 
the Aysén Fjord, close to the city of Puerto Aysén 
(Legrand et al., 2011; Vargas et al., 2013). 
 
From the available geochronological results, and taking 
the geomorphological and chronostratigraphic 
coherency of tectonic markers, it is possible to estimate a 
time-dependent earthquake probability of ca. 3% for the 
occurrence of a -characteristic- large earthquake with 
superficial rupture, similar to what we observed in the 
paleoseismological trenches, in the next hundred years. 
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Fig. 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 dug across a prominent young fault scarp 
(Vargas et al. 2014). 
 

Fig. 2: Simplified version of a paleoseismological trench dug across a young fault scarp in the San Ramón Fault (Vargas et al., 
2014). 
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Fig. 3: Geomorphological chart of the piedmont at the eastern border of Santiago valley between the Mapocho and Maipo rivers, 
showing the three main alluvial units cut by the fault and the location of the paleoseismological trenches. The longitudinal profile 
shows the main fluvial terraces of the Maipo river (Ormeño, 2007; Rauld, 2011; this work). 
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Abstract. On April 21, 2007, a 6.2 Mw earthquake hit the Aysén Region, Southern Chile. This event corresponds to 
the largest earthquake in a sequence that started to be perceived on January 10, 2007, with a ML < 3 tremor and 
continued until February 2008. The affected area is characterized by the presence of the Liquiñe-Ofqui Fault Zone 
(LOFZ), corresponding to the main neotectonic and seismotectonic feature of Southern Chile. Here, we present new 
evidences obtained using reflection seismic profiles and high-resolution bathymetry that let us to constrain the 
seismic source to a crustal origin. It is established that the Punta Cola Fault (PCF), a branch of the LOFS, was 
responsible for the mainshock and generated surface rupture with fault scarps on the seafloor. Finally, identifying 
paleo-mass removals, we propose that at least three similar events have occurred in the area since the retreat of 
the glacier ice cap 12 ky ago. 
 
Keywords: Aysén Earthquake, Liquiñe-Ofqui Fault Zone, Punta Cola Fault, surface rupture, seismic reflection method. 
 
 
INTRODUCTION 
 
The Liquiñe-Ofqui Fault Zone (LOFZ) is a major 
transpressive fault system associated to Quaternary 
volcanoes along more than 1,000 km in the 
Patagonian Andes (Cembrano and Lara, 2009; 
Cembrano et al., 2002). This is a dextral structure 
sub-parallel to the Perú-Chile Trench which absorbs 
part of the oblique convergence between the Nazca 
and South America plates, additionally controlling the 
distribution of the Quaternary volcanic centres 
(Cembrano and Lara, 2009; Cembrano et al., 2002). 
The Aysén Fjord is a classical U-shaped submerged 
glacial valley oriented E-W to NW-SE characterized 
by steep slopes (Oppikofer et al., 2012) developed 
on granitoids of Cenozoic age and crossed by the 
LOFZ. In this area, the LOFZ is expressed like a 
duplex that includes the Punta Cola (PCF), Río 
Cuervo (RCF) and Quitralco (QF) faults, with both 
subaerial and subaqueous geomorphic Quaternary 
units as well as stratovolcanoes and monogenetic 
volcanic cones aligned or affected by the fault 
(Vargas et al., 2013). One of these volcanic features 
corresponds to the Cuervo Ridge located on the 
western boundary of the inner fjord, striking NE-SW 
(Figures 1, 2 and 3). Within this ridge has been 
inferred the presence of a submarine basaltic 
monogenetic cone (Lara, 2008), also elongated NE-
SW, whose presence can be explained by local 
extension along a secondary fault (Vargas et al. 
2013) . 

During 2007, a seismic crisis spans several months 
and included a major crustal Mw 6.2 earthquake 
which induced large landslides that generated local 
tsunami waves up to 10-40 m height (Van Daele et 
al., 2013). From geomorphic, structural and 
subaqueous observations, Vargas et al. (2013) 

proposed that this last seismic crisis occurred along 
the LOFZ and that the major earthquake rupture, 
which reached the surface at the sea bottom, was 
produced along the N-S Punta Cola Fault, causing 
the largest landslides and subsequent tsunami 
waves. Van Daele et al. (2013) characterized the 
deformation and subaqueous features observed in 
the sea bottom as associated mostly to the 
penetration of the landslides into the fjord.  

Here, from the analysis of seismic profiles and high 
resolution bathymetry data (Lastras et al., 2013), we 
focus on the last and previous superficial ruptures in 
the Aysén Fjord as well as on the implications of this 
findings for seismic hazard assessment in the Aysén 
region 
 
EVIDENCE OF SURFACE RUPTURE 
 
A high resolution bathymetry (Figure 1) was used to 
identify the presence of topographical discontinuities 
in the seafloor, which have a generally rectilinear 
geometry with some slightly curved sections. These 
features have a similar orientation and in some cases 
are aligned with the structures mapped by Vargas et 
al. (2013). High density of escarpments can be 
observed on the northern flank of the fjord, 3.6 km 
NW from the Mentirosa Island, where the largest 
landslide was deposited (Oppikofer et al., 2012; Van 
Daele et al., 2013). These are characterized by two 
types of geometry, a set of sharp curved 
escarpments 370-750 m length that limit and enter 
into the landslide previously mapped (Van Daele et 
al., 2013; Lastras et al., 2013), and longitudinal sharp 
escarpments oriented NNE. It is proposed that the 
first group of scarps are related to the deposition of 
the landslide due to internal thrusting of the material, 
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while the second group resulted from the superficial rupture associated to the mainshock. 

 

Fig. 1: Location of the sub-bottom seismic profiles obtained from the Aysén Fjord in the area of the 2007 seismic swarm and 
subaerial and submarine reliefs shown by the means of a Digital Elevation Model, based on1:50,000 topographic sheets from the 

Chilean Army Geographic Institute (IGM) and bathymetric surface from DEFUTSA campaign. SLn: Seismic Line n. 

The observation of seismic profiles revealed the main 
active structures that cut the sedimentary Late 
Pleistocene-Holocene infill of the fjord (Vargas et al., 
2013). In the area where the dextral reverse ~ 20 km 
length Punta Cola Fault (PCF; Vargas et al., 2013) is 
projected into the fjord, we found a positive cross 
flower geometry affecting sediments (Figures 2 and 
3), which narrows from north to south and presents 
an abrupt decrease in associated escarpments in the 
vicinity to the southern flank of the fjord. This is the 
most important structure studied in this work, 
characterized by complex deformation in sediments 
and with the largest volumetric strain. The vertical 
separation of the reflectors affected by the fault vary 
between ~ 2.1 and ~ 5.8 m. Reflectors are affected in 
deep and we observed also two more configurations 
with chaotic seismic facies similar to what resulted 
during the last seismic crisis at surface. 

Approximately 2.5 km to the NW of the PCF we 
found the QF, one of the main branches of LOFZ 
characterized by a NE-SW orientation and dextral-
normal kinematics (Cembrano et al., 2002, 
Thompson, 2002). Subsurface deformation in seismic 
profiles is characterized by a single vertical fault trace 
( Figures 2 and 3) with reflectors affected by the fault 
and separated between ~ 4 and ~ 4.8 m, showing 
maximum vertical offsets in deep and decreasing 
once approaching to the tip at surface. 

The RCF, which is a dextral-reverse fault with NS 
orientation and ~ 40 km length (Vargas et al., 2013), 

corresponds to the structure located in the vicinity of 
the Cuervo Ridge and is associated to several 
seismic sources with magnitudes Mw ≤ 3.0. At 
subsurface it is expressed as two branches which 
generate a small pop-up (Figure 4) with vertical 
separations of reflectors ranging from ~ 1.4 to ~ 4.8 
m. Similarly to the previous structure, it exhibits 
vertical displacements of the reflectors decreasing 
towards the tip of the rupture at surface.  

DISCUSSION  
 
ORIGIN OF THE SCARPS 
 
The consistency between the observations from 
bathymetry and from seismic profiles points to a 
distinct origin for curved and rectilinear escarpments. 
The first are related to the quasi-instantaneous 
deposition of large submarine landslides, particularly 
associated to the large rockslide generated near 
Punta Cola (Oppikofer et al., 2012; Van Daele et al., 
2013), producing fold-and-thrust structures and 
associated detachment located at 0.35-0.38 s 
(Figures 2 and 3). The second group, mostly 
rectilineous escarpments with higher vertical offsets, 
can be associated to a tectonic origin resulted from 
the expression at surface of the PCF’s branches, 
evidencing also an after slip component in the strain, 
associated to the mainshock. The discrimination of 
these two types of submarine escarpments improves 
previous sedimentological (Van Daele et al., 2013) 
and tectonic (Vargas et al., 2013) interpretations. 
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because these structures define the boundary 
between the blocks that have been displaced by the 
fault zone, also we have selected with extreme 
caution the values on the top of the deformed 
reflectors to avoid the possible influence of fold-and-
thrust-like structures in the estimations. These values 
of these estimates varies between ~ 2.1(9,01E-04 s) 
and ~ 8.71 m (6,45E-03 s) with n = 23, in the case of 
the PCF. For RCF the average results for each 
vertical displacement at the fault trace (with n = 13) 
correspond to ~ 5.24 (3,94E-03 s) and ~ 1.02 m 
(6,12E-04 s).  
 
We used the Wells and Coppersmith (1994) empirical 
equations that link the displacement of a strike-slip 
fault with the moment magnitude of the earthquakes 
that it can generates, to assess the seismic potential 
of the faults. The results obtained are in apparent 
discrepancy with the magnitudes of the seismic 
events recorded during the seismic crisis (Agurto et 
al., 2013). This results from the fact that the vertical 
offsets recorded in the seismic profiles most likely 
correspond to an accumulation of multiple paleo-
earthquakes and not only to the last event in 2007. 
As an example, evaluating the displacement that 
could be associated to the mainshock by using the 
same equations of Wells and Coppersmith (1994), 
we obtained 0.79, 0.49 and 0.59 m for reverse, 
strike-slip, and all kind of faults, respectively. Then, 
for the accumulated displacement observed today a 
considerable amount of paleo-earthquakes of the 
same magnitude or, alternatively, larger earthquakes 
are needed. 
 
CONCLUSION 
 
We conclude that the 2007 seismic crisis in Aysén 
Fjord resulted from crustal deformation associated to 
active faulting along the main branches of the LOFZ, 
and that the Mw 6.2 earthquake was nucleated along 
the PCF causing surface rupture. Deformation of 
sediments in the Aysén Fjord, either directly affected 
by fault or associated to former submarine landslides 
deposits, evidence previous seismic surface ruptures 
particularly along the PCF, QF and RCF in the last 
12,000 years, at least following the last ice sheet 
retreat, according radiocarbon results from volcanic 
ash layers overlaying glacial sediments in the area 
(Vargas et al., 2013). 
 
Acknowledgements: We thank the research team and the 
crew of the DEFUTSA campaign to acquire and provide 
seismic and bathymetric data that made this work possible. 
Also we thank the support and reiterative help of the CEGA 
program. Finally, we appreciate the financial support of 
CONICYT, through its national scholarship PhD program. 
 
References  
 
Agurto, H., Rietbrock, A., Barrientos, S., Bataille, K., 

Legrand, D. 2013. Seismo-tectonic structure of the Aysén 
Region, Southern Chile, inferred from the 2007 Mw = 6.2 
Aysén earthquake sequence. Geophysical Journal 
International: 1-15. 

Cembrano, J., Lara, L. 2009. The link between volcanism 
and tectonics in the southern volcanic zone of the Chilean 
Andes: A review. Tectonophysics 471: 96-113. 

Cembrano, J., Lavenu, A., Reynolds, P., Arancibia, G., 
Lopez, G., Sanhueza, A. 2002. Late Cenozoic 
transpressional ductile deformation north of the Nazca-
South America - Antarctica triple junction. Tectonophysics 
354: 289-314. 

Lara, L. 2008. Holocene submarine volcanoes in the Aysén 
fjord, Patagonian Andes (44ºS): Relations with the 
Liquiñe-Ofqui Fault Zone. In International Symposium on 
Andean Geodynamics (ISAG), No. 7, Abstracts Volume: 
285-288. Nice. 

Lastras, G., et al. 2013.  Landslides Cause Tsunami Waves: 
Insights From Aysén Fjord, Chile, Eos Trans. AGU, 
94(34), 297 

Oppikofer, T., Hermanns, R.L., Redfield, T.L., Sepúlveda, 
S.A, Duhart, P., Bascuñán, I. 2012. Morphologic 
description of the Punta Cola rock avalanche and 
associated minor rockslides caused by the 21 April 2007 
Aysén earthquake (Patagonia, southern Chile). Revista 
de la Asociacion Geologica Argentina 69 (3): 339 – 353. 

Thomson, S. 2002. Late Cenozoic geomorphic and tectonic 
evolution of the Patagonian Andes between latitudes 42ºS 
and 46ºS: An appraisal based on fission-track results from 
the transpressional intra-arc Liquiñe-Ofqui fault zone. 
Geological Society of America Bulletin 114 (9): 1159-
1173.   

Vargas, G., Rebolledo, S., Sepúlveda, S.A., Lahsen, A., 
Thiele, R., Townley, B., Padilla, C., Rauld, R. Herrera, 
M.J., Lara, M.  2013. Submarine earthquake rupture, 
active faulting and volcanism along the major Liquiñe-
Ofqui Fault Zone and implications for seismic hazard 
assessment in the Patagonian Andes. Andean Geology 
40 (1): 141-171. 

Van Daele, M., Versteeg, W., Pino, M., Urrutia, R. De Batist, 
M. 2013 Widespread deformation of basin-plain 
sediments in Aysén fjord (Chile) due to impact by 
earthquake-triggered, onshore-generated mass 
movements. Marine Geology 337: 67–79. 

Wells, D.L., Coppersmith, K.J. 1994. New empirical 
rela¬tionships among Magnitude, Rupture Length, 
Rupture Width, Rupture Area, and Surface Displacement. 
Bulletin of the Seismological Society of America 84 (4): 
974-1002. 

 



7th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 30 May to 3 June, 2016, Crestone, Colorado, 
USA 

 
 

INQUA Focus Group on Paleoseismology and Active Tectonics 
 

 
 

 
 

On the accuracy of topographic models derived from UAV photography  
 

Neta Wechsler (1), Oded Katz (2), Amit Mushkin (2) 
 

(1)    Department of Geosciences, Tel-Aviv University, Israel. netawe@post.tau.ac.il 
(2)    Geological Survey of Israel, Jerusalem, Israel 
 
 
Abstract: We use the new structure from motion approach in conjunction with UAV mapping in 2 sites, a devegetated valley and 
a collapsing coastal cliff. We show that in unconventional settings, UAV can perform with adequate accuracy and has the 
advantage of being low-cost, rapid and easy to utilize. Some sources of error are demonstrated and discussed. 
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INTRODUCTION 
 
The use of automated photogrammetric methods to 
generate topographic models have become ubiquitous 
in recent years (Bemis et al. 2014, James & Robson, 2012; 
Westoby et al., 2012), a result of increasing availability of 
UAVs (unmanned aerial vehicles) equipped with high 
resolution digital cameras, of commercial and open-
source processing software and of rising computing 
power. The cost of conducting a Structure-from-Motion 
(SfM) DEM model is now a small fraction of the cost of 
Airborne Lidar (ALSM) and takes considerably less time 
than using ground based Lidar (TLS) (Castillo et al. 2012). 
This allows for rapid-response mapping of geomorphic 
features, such as surface ruptures, extreme deposition 
/erosion events, etc. The accuracy of SfM mapping 
depends on many variables such as ground control, 
quality and number of images, shot angles and the site’s 
dimensions (James & Robson, 2014, Johnson et al. 2014, 
Reitman et al. 2015). Due to the relative rapidity of 
acquisition and low costs, one of the emerging 
applications for SfM mapping is monitoring relatively 
short-term geomorphic changes by comparing time 
series. The results of such comparisons are highly 
dependent on the accuracy of SfM maps, and systematic 
model errors can induce further errors in the estimate of 
the changes. Here we compare topographic models 
acquired over various terrains using active (ALSM/TLS) 
and passive (SfM) mapping methods and discuss the 
merit of UAV-based models in different environments. 
Our goal is to establish the accuracy of UAV based SfM 
terrain modeling for repeat surveys, where the focus is 
capturing geomorphic changes over time.  
 
Study areas 
 
Beteiha valley: The first case study is located at the 
northern shores of the Sea of Galilee, Israel (Fig. 1a), 
where the Jordan River flows into the lake. An area of ~1 
km2 was recently devegetated by the Israel Park Service, 
offering a unique opportunity to map a part of the Dead 
Sea fault which crosses the valley (Wechsler et al. 2014) 
and was obscured by vegetation beforehand. A UAV 

survey was conducted in the fall, before winter growth, 
in order to map the geomorphic signature of the fault. 
The mapped area was ~0.8 km2. A total of 380 photos 
were taken during 2 consecutive flights, covering the 
region of denudation. 
 
Coastal cliffs at Olga beach: The second site is along the 
coastal cliffs of Israel (Fig. 1b). Here, the cliff is ~150m 
long and up to 20m high, and is composed of late-
Pleistocene to Holocene age carbonate-cemented 
eolianites and paleosoil layers (Yaalon, 1967). The cliff 
have been monitored for rate of retreat over several 
years using TLS surveys (Katz & Mushkin, 2013), ALSM 
being less useful for vertical cliff faces. A UAV mapping 
campaign was conducted along part of the cliff by the 
Geological Survey of Israel (GSI) as part of a multi-year 

 
 
Fig. 1: Study areas. A) High resolution orthophoto generated 
from UAV photography above the Beteiha valley. The Dead-
Sea fault is marked by dashed red line. B) The coastal cliffs 
at Olga beach. The white rectangle marks the study area, 
one of the sites where the cliff is being monitored along the 
Israel coast. Notice the narrow sand strip along the coast 
and the fallen boulders in the water. SfM mapping methods 
cannot map water surface due to changing light conditions. 
General location map on the right. 
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project for monitoring retreat rates along the coastal 
cliffs of Israel.  
 
Data acquisition and processing workflow 
 
We used a DJI Phantom-2-Vision 4-rotor drone with 
built-in 14 Megapixel camera for capturing over 350 
photos during two flights at the Beteiha site, and the 
services of a commercial company (Terrascan labs) at the 
cliffs of Olga (herein termed Olga site), where they flew a 
UAV in January 2016. The DJI drone photos were 
processed according to the workflow outlined by 
Johnson et al. (2014), using Agisoft photoscan® to 
construct the point clouds from the photos and 
GEONpoints2grid utility to create high resolution DEMs. 
The commercial product included a filtered LAS point 
cloud and 4cm DEM raster which we had to register to 
the other datasets. We used Matlab® codes for cloud 
comparisons and ArcGIS Desktop for DEM comparisons. 
The ALSM DEM was acquired by the Geological Survey of 
Israel (GSI) and the TLS cloud was measured using Leica 
ScanStation2 at the beginning of 2015. Several ground 
control points were measured using RTK GPS at the 
Beteiha site. All UAV-generated clouds had very large 
point density – more than 105 points per m2. This 
enabled us to create 5-10 cm per pixel DEM models 
almost without holes. 
 
Direct cloud comparisons 
 
At the Beteiha site we compare two consecutive flights 
processed separately, in order to examine the 
repeatability of the UAV mapping campaign. The two 
flights covered slightly different tracts and so we only 
compare the overlapping region, which included the 
degvegetated region and the control points. We chose a 

reference cloud and for each point computed the 
distance to its nearest neighbor in the other cloud (Fig 
2.). This produces an unsigned distance value for each 
point in the reference cloud. As seen in Fig 2B, 95% of 
the distance values are smaller than 1.5m. Outliers 
include trees and area edges where clouds do not 
overlap, where larger differences can be seen. One 
significant error is an artifact in the middle of the model 
(Fig. 3), which might be the result of unfavorable shot 
angles which created some distortion (a hump) in one of 
the clouds (see James and Robson 2014). We therefore 
use the cloud without the hump as the data source for 
the DEM. The average error was 0.52m for direct cloud to 
cloud comparison, which is compatible with previously 
measured errors for areas on the order of 1 km2 (James & 
Robson 2012, Johnson, 2014). 
 
At the Olga site we compare the UAV to the TLS cloud 
(Fig. 3). We use the TLS as the reference cloud because it 
covered less of the cliff than the UAV. Due to the 18 
month difference in acquisition, the later dataset (UAV) 
captured a large material slump that occurred between 
acquisitions. Here, 95% of the points were less than 1.2m 
away from each other, which is high given the scale of 
the cliff, but the average error is 0.33m, comparable to 
the results of James and Robson (2012). Sources of error 
include the slump, boulders moved by the sea, and 
registration errors (both clouds were not registered and 
had to be tied manually). Katz & Mushkin (2013) estimate 
the error between consecutive TLS scans to be less than 
0.1m, making the UAV accuracy smaller than the TLS. 
However, the TLS suffers from line-of-sight obscuring 
and is more cumbersome and time consuming to 
operate. Additionally, some of the differences between 
the clouds can be improved upon by careful registration 
to a permanent reference frame. 

 
 
Fig. 2: Point clouds comparison for the Beteiha site. A) The points of a reference cloud, coloured by distance to nearest 
neighbouring point in the other cloud, plotted in 3D with x10 vertical exaggeration. B) A histogram of the distance distribution and 
cumulative percentage, 1σ and 2σ are marked in red. 
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Topographic model (DEM) comparisons 
 
At the Beteiha site we use a 0.5m per pixel ALSM DEM 
product that was cleaned of vegetation returns during 
processing to compare with a 0.1m per pixel DEM model 
derived from the UAV cloud without the distortion 
artifact in the central area (Fig. 4), limited to a region 
where the point-count per pixel was larger than 3. There 
is a systematic error where the UAV model heights are 
higher than the ALSM model heights (dark red areas) in 
an area that was not devegetated, representing growth 
during the period between acquisitions. Focusing solely 
on the bare earth areas, the height difference is small, 
less than ±0.5m, showing very good agreement between 
the UAV and the ALSM models. Comparing the UAV 
model with an ALSM model without vegetation cleaning 
shows clearly the area where vegetation was removed, 
and we can actually estimate the amount of bio-matter 
removed. The SfM method cannot penetrate through 
foliage, as opposed to LiDAR measurements, which is 
one of its drawbacks, but its rapid deployment enabled 
capturing a model of the denudated earth. 
 
At the Olga site we compare a 0.5m per pixel ALSM DEM 
with a 0.04m per pixel cloud derived product (Fig. 5). 
Due to the structure and topography of the coastal cliff, 
the DEM does not adequately represent the complexity 
of the cliff face, as it cannot model overhangs. 
Nevertheless, a comparison was made in order to 
examine the quality of the UAV DEM. One source of error 
was the UAV model lack of registration, and although we 
manually registered it to the ALSM DEM, there were 
mismatches in the vicinity of the cliff face and the 
boulders below it, as seen by the apparent movement of 
the boulders on the upper left part of Fig. 5. Additionally, 
here is an apparent removal of material at the center of 
the cliff, where a slump would have added material 

rather than removed it. This error in cliff morphology is 
attributed to the limited ability of ALSM to model steep 
terrain (Johnson et al., 2014). All in all, the models are 
very similar with 95% of the points falling within 1m of 
each other and an average error of 0.31m per pixel, 
smaller than the spatial resolution of the ALSM. Here the 
UAV mapping method outperforms the ALSM in terms of 
modeling the cliff face and is better suited for 
monitoring coastal cliff retreat rates. 
 
Summary 
 
UAV mapping was used in two different environments 
and its absolute and relative accuracy was examined. We 
find the in order to ensure best results, it is crucial to 
register the product using an adequate number of 
control points (Reitman et al. 2015). The level of accuracy 
depends on the scale of the mapped area and on the 
shot angles of the camera, among other things. The 
importance of shot-angles is demonstrated, by showing 
that even if the same camera is used over the same 
terrain at the same day and the clouds are registered 
with the same control points, the resulting models can 
be different. If an SfM mapping campaign is planned for 
long term change measurements, and it is not possible 
to use fixed markers for different scans, then it is 
advisable to register each model by accurately 
measuring control points and using the same frame of 
reference (i.e. total station, differential GPS, etc.) for the 
duration of the campaign. UAV mapping is becoming 
more accessible and prevalent in earth science research, 
so by acquainting ourselves with its capabilities and 
limits we can utilize this amazing tool better. 
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Fig. 3: Point cloud comparisons for the Olga site. A) & B) are the same as in Fig. 2.The TLS cloud did not cover the upper edge of 
the cliff and there are holes in the data due to line-of-site obscuring. The November 2015 slump is clearly seen, as well as smaller 
slumps. The narrowness of the beach limits the distance from which a TLS station can be operated but does not limit the UAV. 
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 Fig. 4: Beteiha site ALSM-UAV differences, A) between 

cleaned ALSM and UAV DEMs. In the exposed zone the 
differences are smaller than 0.5m. B) Height difference 
between non-cleaned ALSM and UAV DEMs. Histograms 
represent the distance distribution, same as fig. 2. 
 

Fig. 5: Olga site ALSM-UAV height differences between 
DEMs. Histogram represents the distance distribution, 
same as fig. 2. 
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Abstract:  The Western Australia Shear Zone (WASZ) is a system of active faults and folds along the reactivated passive margin of 
western Australia.  The 180 km long Dampier fault zone, in the northern Carnarvon Basin, forms an 11 km wide fault zone across a 
reactivated Mesozoic graben.  The northern fault section cross-cuts Quaternary age sediments producing a net down-to-the-
north sense of displacement observed on 2D seismic transects. The east-west trending fault section is oblique to the dominantly 
northeast trending Mesozoic structural fabric of the Carnarvon basin, but sub-parallel to the structural trend of the offshore 
Canning basin. Fault offsets are estimated using displacements of several seismic horizons that extend across the area. The 
estimated slip rates for the Dampier fault range from 0.02 to 1.54 mm/yr, maximum earthquake magnitude estimates are on the 
order of Mw 6.8 to 7.4, and recurrence intervals range between 1,000 and 183,000 years. The estimated slip rates are low, yet 
significant with respect to an intraplate tectonic setting. Rates within the WASZ are consistently higher than within adjacent non-
extended cratonic terranes. 
 
Key words: fault characterization, 2D seismic, intraplate seismic hazard 
 
 
INTRODUCTION 
 
The Western Australia Shear Zone (WASZ) is a system of 
active faults and folds that extend along the reactivated 
passive margin of Australia through the Browse, 
Roebuck, and Carnarvon Basins (Fig. 1) (Whitney and 
Hengesh, 2013).  The WASZ reoccupies older rift related 
structures that initially formed during periods of 
continental-scale fragmentation in the Paleozoic and 
Mesozoic Eras.  Faults and folds within the WASZ have 
caused local inversion of older rift-era faults, in places 
have offset or folded the seafloor, folded late Pleistocene 
marine terraces, folded and faulted late Pleistocene 
alluvial deposits, and accommodated large historical 
earthquakes (Whitney, 2015). 
 
The WASZ contains structures that share a consistent set 
of characteristics within a zone of concentrated historical 
seismicity. Reactivated faults and folds are within the 
formerly extended continental margin compared to 
adjacent cratonic domains. Seismicity and 
geomorphological indicators suggest a regional dextral-
oblique sense of motion.  Near surface fault expression is 
suggestive of a recent onset of reactivation. Seismicity 
and geologically derived strain indicators indicate rates 
of deformation vary systematically within the system 
decreasing from north to south.  Earthquake recurrence 
within the WASZ is intermediate to plate boundary 
settings and Stable Continental Regions. Collectively, the 
WASZ extends 1,400 km along the North West Shelf from 
the plate boundary to the Cape Range. It then extends 
another 600 km through a system of faults and folds 
onshore within the southern Carnarvon Basin and 

western edge of the Yilgarn craton (Whitney and 
Hengesh, 2015a, b; Hengesh and Whitney, 2015; Whitney 
et al., 2015a; Hengesh and Whitney, 2016).   

The WASZ contains a number of seismic sources capable 
of generating earthquakes on the order of ~Mw 7.0-8.0 
with recurrence on the order of 103-104 years (Whitney 
and Hengesh, 2015; Hengesh and Whitney, 2015).  In a 
broad sense, the shear zone accommodates differential 
motion between the subduction and collision zones that 
comprise the Indo-Australian northern plate boundary 
(Hengesh and Whitney, 2016).  The transition from 
subduction to collision coincides with passive margin 
structures that are favorably aligned to be reactivated as 
dextral-transcurrent structures. 
 
The WASZ consists of two subparallel fault zones in the 
Browse and Roebuck Basins referred to as the Inner 
(eastern) and Outer (western) Shelf fault zones (Hengesh 
and Whitney, 2015).  These zones follow the basin 
margins and locally are associated with older basin 
bounding structures (Hengesh and Whitney, 2016).  In 
the Carnarvon Basin, deformation in the WASZ is 
concentrated along the crustal transition between the 
inner (eastern) basin margin and older Archean 
crystalline rocks.   
 
In this paper we present seismic source characteristics 
for the Dampier fault within the WASZ.  The Dampier 
fault lies within the southern Inner Shelf fault zone in the 
Carnarvon Basin where the deformation transitions from 
two subparallel fault zones in the north to a single fault 
zone in the vicinity of Barrow Island (Hengesh and 
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Whitney, 2016; Whitney et al., in revision).  A large 
restraining bend occurs inboard of Barrow Island where 
multiple fault segments from the southern Carnarvon 
Basin coalesce. The structural trend changes from 
northerly to northeasterly north of the restraining bend.  
 

 
Fig. 1: Regional tectonic elements. OFSZ and ISFZ are 
Outer and Inner Shelf fault zones, respectively 
 
METHODS 
 
We analyzed open-file 2D exploration data from 
Geoscience Australia data release (Cortese et al., 2014) 
using the seismic interpretation software package IHS 
Kingdom. We focus on the Quaternary period, which 
coincides with the timing of the most recent pulse of 
reactivation (Hengesh and Whitney, 2016). In the 
Carnarvon and Roebuck basins, 0.5 and 1.0 Ma reflectors 
have been identified in the shallow section (Gallagher et 
al., 2014).  We constrain fault displacements, 
deformation style, fault extent, and compute slip rates 
based on the age and vertical offset of these seismic 
horizons. We convert two-way-travel time (TWT) to 
depth in the shallow section assuming a p-wave velocity 
of 1600 m/s. 
 
We estimate maximum earthquake magnitude (Mmax) 
distributions for the Dampier fault using five different 
empirical relationships between fault length and 
magnitude, and rupture area and magnitude (Wells and 
Coppersmith, 1994; Hanks and Bakun, 2002; 2008; 
Ellsworth, 2003; Wesnousky, 2008). The minimum, 
average, and maximum magnitude values are derived 
from the range of lengths and areas used and the range 
of results derived from the five different equations. This 
approach captures the epistemic uncertainty in the fault 

rupture characteristics and published empirical 
regressions (Table 1). 
 
RESULTS AND DISCUSSION 
 
The Dampier fault zone is a 180 km long northeast 
trending structure that includes a southern 
transtensional segment, a central transpressional 
segment, and a northern (east-west trending) 
transtensional segment (Fig. 2). The east-west trending 
northern segment of the Dampier fault is ~60 to 91-km.  
The end of the fault roughly aligns with the projected 
trends of the Inner and Outer Shelf fault zones to the 
north, respectively (Fig. 1).  The northern segment of the 
Dampier fault is traceable across multiple 2D lines (Fig. 
2).  Each segment maintains a similar expression along 
strike.  
 
The western end of the northern segment of the 
Dampier fault forms an 11-km wide graben with a 
normal component of motion that displaces the Late 
Miocene horizon, and the overlying Quaternary section 
(Fig. 3). This fault (observed on line s136_136_24) has 
produced 0.15 to 0.18 second TWT (120 to 144 m) of 
down-to-the-north displacement of the Late Miocene 
horizon, 0.015 to 0.018 second TWT (11.8 to 14.3 m) of 
down-to-the-north displacement of a ~500 Ka 
Quaternary horizon (Gallagher et al., 2014), and 0.039 to 
0.041 second TWT (30.8 to 32.5 m) of down-to-the-north 
displacement of a ~1.0 Ma Quaternary horizon (Table 2).  
The seabed is not deformed in this location, but the 
water depth here is only ~96 m and so this part of the 
continental shelf would have been abraded through 
current and wave action during multiple Pleistocene sea 
level lowstands. 

 
Fig. 2: 2D lines used to interpret and measure 
displacement on the Dampier fault. Blue lines are 
discussed in text. 
 
The southern graben bounding fault dips 61o to the 
north and has similar form along strike.  Its northern, 
south dipping counterpart is not consistently traceable.  
This may be due to poorer data coverage, or along strike 
changes in fault expression.  The eastern end of the fault 
appears to deform the seabed reflector (Fig. 4).  The data 
in this location are sparse and on this particular 2D line 
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(II86:II86-195) the data are truncated within the fault 
zone. 
 
Faults within the WASZ broadly exhibit dominantly 
transcurrent motion and trend north-northeasterly 
(Hengesh and Whitney, 2016).  The north segment of the 
Dampier fault appears to be located on a releasing bend 
north of the restraining Barrow Bend (Fig 1).  To the 
north of the Dampier fault, dextral transcurrent motion is 
partitioned between two main fault zones (Inner and 
Outer Shelf).  To the south, strain is concentrated on the 
Inner Shelf fault zone, which hugs the basin margin. The 
available 2D data allow measurements of vertical offsets, 
but do not allow us to assess horizontal slip rates across 
the fault.  Due to the uncertainty and limitations of 2D 
data interpretation, we present a range of horizontal slip 
rate estimates by assuming a range of vertical to 
horizontal slip ratios.  The  dominant horizontal to 

vertical slip ratios for strike slip faults commonly range 
from 1:1 to 10:1 [Wells and Coppersmith, 1994; K. 
Coppersmith pers. comm., 2015].  We apply these ratios 
to the minimum, average, and maximum slip rate values 
for the Dampier fault (Table 3). 
 
Displacement values are the average of the mean 
maximum displacement values computed from surface 
rupture length and moment magnitude using the Wells 
and Coppersmith (1994) and the moment magnitude 
regressions from (Hanks and Bakun, 2002; 2008; 
Ellsworth, 2003; Wesnousky, 2008).  Slip rates were 
computed from geological displacements described in 
the previous text.  The recurrence distribution is 
calculated by dividing the maximum displacement by 
minimum slip rate, middle displacement by middle slip 
rate, and minimum displacement by maximum slip rate 
(Table 4).    

 
Fig. 3: Portion of seismic line s136:136_24 showing faulting of the Late Miocene unconformity and Quaternary deposits 
(Gallagher et al., 2014) along the Dampier fault.  Vertical scale in Two Way Time (seconds).  Location shown on Figure 2. 
 
Table 1. Mmax estimates for the northern segment (NS) of the Dampier fault.  Magnitude values calculated using the Wells and 
Coppersmith (1994), Hanks and Bakun (2002; 2008), Ellsworth (2003), and Wesnousky (2008) relationships. Displacement values 
are the average of the mean maximum displacement values computed from surface rupture length and moment magnitude 
using the Wells and Coppersmith (1994) and the moment magnitude regressions listed above.  Slip rates computed from 
geological displacements described in the text.   

Sense of 
Slip 

Estimated Rupture 
Length (km) 

Min Rupture 
Width (km) 

Max Rupture 
Width (km) 

Estimated 
Rupture Area 

(km2) 
Magnitude Distribution 

(Mw) 

  Min Max Min   Max Min Max Min   Ave   Max   

RL-SS 60 91 10  15  600 1365 6.8 7.1 7.4 
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Table 2.  Summary of displacement measurements across seismic line s136_136_24_mig_time on the Dampier fault (NS). 

Shot Point 
Range  Horizon 

Throw  
(sec TWT) Displacement (m) 

Period of Activity 
(Ma) 

Estimated Fault Slip 
Rate (mm/yr) 

    Min Max Min Max Min Max Min Max 

5640-5950 500 ka 0.015 0.018 12 14 0.50 0.50 0.02 0.03 

5650-5950 1.0 Ma 0.039 0.041 31 32 1.00 1.00 0.03 0.03 

5600-5975 
Late 

Miocene 0.150 0.180 120 144 1.00 3.00 0.04 0.14 

Table 3.  Summary of estimated vertical and horizontal slip rate values for the Dampier fault (NS). 
Vertical Slip Rate (mm/yr) Horizontal Slip Rate (mm/yr) 

Min Ave. Max Min 
(1:1 H/V) 

Mid 
(5:1 H/V) 

Max 
(10:1 H/V) 

0.02 0.08 0.14 0.02 0.40 1.40 
 
Table 4. Recurrence estimates.   

Ave of Mean MD for SRL&MW (m) Slip Rate Models (mm/yr) Recurrence (MD fx Mw)/slip rate 
Min Mid Max Min Mid Max Min Mid Max 
1.61 2.54 3.66 0.020 0.400 1.540 1047 6356 183231 

 

 
Fig. 4:  Portion of seismic line II86:II86-195 showing 
deformation of the seabed.  Locatioin showin on figure 2. 
 
CONCLUSIONS 
 
The Dampier fault zone consists of 180 km long 
northeast trending structures that includes a releasing 
and restraining bend.  The Dampier fault zone displaces 
near seabed seismic horizons and locally deforms the 
seabed.  The estimated slip rates for the Dampier fault 

ranges from 0.02 to 1.54 mm yr-1.  The Mmax distribution 
ranges from Mw 6.8 to 7.4, and the minimum, average 
and maximum recurrence intervals are 1,000, 6400, 
183,000 years.   
 
Mmax and recurrence estimates yield values which are 
consistent with other active faults in the WASZ (Whitney 
et al., 2015; Hengesh and Whitney, 2016).  These values 
(103-104 years) are intermediate to Stable Continental 
Regions (>104 years) and plate boundary (102-103 years) 
settings.  Rates within the WASZ are consistently higher 
and Mmax values are larger than adjacent non-extended 
cratonic terranes (Clark et al., 2012). The reactivated 
western margin of Australia should no longer be 
considered a Stable Continental Region. 
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Shorter and variable recurrence intervals along the Cholame segment of the San Andreas Fault 

 
Alana Williams, J Ramon Arrowsmith,  

 
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 few event 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 
five exploratory fault perpendicular trenches within an abandoned gypsum mine (35.253478, -119.585675) in the southeatsern 
portion of the Cholame segment. The trenches did not reveal adequate preservation of rupture evidence to provide estimates for 
recurrence interval. In summer 2016, we will expand our earthquake geology research to promising new sites in the northern 
central portion of the Cholame segment. 

 
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 beenreconstructed along this ~75 km 
long fault reach, but a more complete understanding of past 
ruptures for the the Cholame section has not been 
forthcoming. Given its central postion 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 (Figure1).  Re-investigation of 
surface offsetsrevised 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 locally only by this limited offset information, 
the regional millennial scale SAF slip rate, and the behavior 
of the adjacent sections (Parkfield and Carrizo; Field, et al., 
2013). Note for example that the paleoearthquake record 
along the Cholame section was insufficient for any 
maximum likelihood recurrence interval estimation by 
Biasi for the UCERF3 exercise (Biasi, 2013; UCERF3 
Appendix H). 
 
Assuming Cholame should slip at the SAF long term slip 
rate (~33mm/yr), and the 1857 rupture produced uniform 
slip of at least 3 m (Sieh, 1978a; Sieh and Jahns, 1984; 
Young, et al., 2002; Lienkaemper, 2001; Zielke, et al., 
2010; 2012), there is a large slip deficit of that could 
accommodate a M7 rupture along the full length of the 
segment (Toke & Arrowsmith 2006) (Figure1). More 

importantly, this ~5 m deficit is too large to be released by 
creep alone (Lienkaemper, 2001).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).  
 

Figure 1Slip deficit since 1857 accumulating at 3.3 cm/yr (black 
line) from Toke and Arrowsmith, 2006 accounting for post-1857 
creep and Parkfield slip in the northwest.  Symbols for offsets are 
scaled by reported quality.  New sites are halfway between LY4 

and Highway 46—southern Parkfield segment. 

 
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 
suggestsdifferences 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 2-4 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 
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(Sieh and Jahns, 1984; Young et al. 2002) derived from 
assumed lower slip/event in Cholame than Carrizo and 
uniform long term slip rate along strike. The poorly 
constrained geochronologyat the previous Cholame 
excavations spurred the 2015 excavations detailed later in 
this report.  
 
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 (Figure 2) within the last 650 years, indicating 
a 90-110 year recurrence interval (Scharer et al., 2014).  
This is consistent with to the Bidart record from Carrizo 
which implying surface rupture recurrence of 88±41 years 
(Akciz et al., 2010). Therefore, revisting the poor 
geochronology and possible incomplete record at Cholame 
becomes more urgent. 
 

 
Figure 2    Correlation diagram for SSAF paleoearthquakes from 
Parkfield to Wrightwood showing location of new sites we propose 
to develop. The orange lines represent the 3 poorly dated events at 
LY4. The rest of the figure is adapted from Scharer et al. 2015. 
Shaded curves are earthquake age probability distributions; 
vertical bars show 95% confidence range for each earthquake. 
Paleoearthquakes are labeled by the letter or number used in the 
original reference (e.g., the five prehistoric earthquakes at Bidart 
Fan are identified as B, C, D, E, and F) [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 3Map overview of California with a simplified SAF trace in 
red, and Gyp Mine site indicated by a blue star. The Creeping, 
Parkfield, and Cholame segments are labeled along the trace. 
Trench locations overlain on B4 high resolution topographic data. 

2015 excavations 
The Gypsum Mine location (Figure 3) is characterized 
bycompelling tectonic landforms - steep, northeast-facing 
scarps and several sag ponds. In August 2015 we excavated 
five fault-perpendicular trenches focused on small alluvial 
fans deposited across the well-defined fault trace. Each 
trench was cleaned and photographed post excavation, and 
orthophotos were generated using Agisoft Photoscan.  
Logging was completed on the Agisoft models and 
charcoal samples were collected for radiocarbon analysis. 
 
Trenches B and C exposed diamictons containing massive 
sandy silt and clay, poorly sorted pebble clasts, and gypsum 
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Figure 6Map overview of the south central SAF with candidate 
sites indicated and details of the high quality geomorphology 
indicated with the sites overlain on B4 high resolution topographic 
data. Lidar shows regional active faults and offset measurement 
locations from Sieh, 1978a; Lienkaemper, 2001; and Zielke, 2012. 
B and C also include nearby offsets as tabulated by Zielke et al., 
2012. 
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Abstract: New surveying and mapping technology, which can acquire high resolution topography quickly, is being used to study 
active tectonics in recent years. The results were great for earthquake reoccurrence model of large strike slip faults. Similar studies, 
however, were not carried out on active thrusts. We are studying earthquake reoccurrence model of North Danghen Nanshan 
thrust, which has different degree scarps, under because of thrusts’ destruction. Our study is based on not only high resolution 
topography but also paleoearthquakes. Firstly, we used small Unmanned Aerial Vehicle (sUAV) and terrestrial LiDAR to construct 
high resolution Digital Elevation Model (DEM), and based on which to measure scarps along fault. We employed statistical 
methods such as probability density function to get accumulated slip distribution along fault and peak slip values. The number of 
earthquakes on different degree scarps were analysed according to slip distribution and peaks. Meanwhile, we also excavated 
trenches across different degree scarps to attain paleoearthquakes from successive depositional walls directly. The 
paleoearthquakes were compared with the result inferred from slip at last. Our primary result shows that it is valid to study active 
fault rupture mechanics from slip distribution, and slip behaviour of this thrust coincide with characteristic earthquake mode. 
 
Key words: North Danghe Nanshan  thrust, High resolution topography, Accumulated slip, Paleoearthquake 
 
 
Motivation 
 
How earthquakes rupture and propagate are important 
topic to understand earthquake mechanics. Many recent 
studies on slip pattern of active faults using high 
resolution topography acquired by LiDAR (Hudnut et al., 
2002; Oskin et al., 2007; Chen et al., 2015; Salisbury et al., 
2015). Another low price photogrammetry method of 
sUAV is prevailing on mapping active tectonics (Bemis et 
al., 2014).  Reliable cumulative slip distributions were 
characterised along large strike slip faults (Grant-Ludwig 
et al., 2010; Klinger et al., 2011; Ren et al., 2015; Haddon 
et al., 2016), and rupture modes of them were also 
proposed. However, these studies lacked support from 
paleoseismology, which is direct evidence for rupture 
modes.  
 
Another issue is that few such studies using the new 
survey methods were carried out on reverse faults. 
 That may be because reverse fault systems have 
much more complex deformation structures and a 
relative lack of classic study sites. Because many 
destructive earthquakes were generated by reverse 
faults in history, it is very important to figure out active 
characteristic in dangerous compressional tectonic zone.  
 
This study selects an ideal reverse type fault, North 
Danghe Nanshan Thrust (NDNT), which faulted alluvial 
terraces and preserves continuous multiple-event fault 
scarps including latest rupture high < 1m. These scarps 
offer opportunity to distinguish accumulated slip offset 
of older events.    
 

Geological Background 
 
 
The NDNT is located west of the Qilian mountains, and 
adjacent to the eastern end of the South Altyn Tagh 
Fault. It plays a vital role in strain transfer from the 
Tibetan plateau to its eastern boundary (Mayer et al., 
1998; Van der Woerd et al., 2001).  The NDNT contains 
three segments from Subei in west to Yanchiwan in east, 
and is ~120 km long. Van der Woerd et al. (2001) 
mapped the west section in detail and estimated the 
vertical slip rate at ~5 mm/yr.  Shao et al. (2011) 
investigated the middle and east segments, and found 
that thrust scarps had offset the latest alluvial fan 
surfaces by 0.5-1m and multiple similar high scarps were 
formed on older terraces; the latest rupture zone is ~40 
km long.  These deformation features indicate that the 
NDNT has ruptured many times during last few 
thousand years. 
 

 
Fig.1. Active tectonic map of north Tibet Plateau 

Black box is study area 
A, B, C present three segments of NDNT  
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Methods 
 
We used terrestrial LiDAR and sUAV to scan east section 
of the NDNT, and resolution digital elevation model 
(DEM) was gotten after data processing. Scarp vertical 
throw along the fault was extracted from DEM.   We also 
dug trenches across different high scarps to illustrate the 
number of events and its relation with scarps height. 
 
Primary results 
 
The DEM data was calculated from ~5000 aerial photos 
covering ~ 3 km2 area and point cloud of ~ 0.5 km2 area, 
its resolutions about ~0.2 m and ~ 0.1 m respectively. We 
measured a few scarps primarily from the DEM data with 
GIS tools. Accumulated vertical slip was grouped into 
different value, and intervals between adjacent groups 
seems to be similar and likely same as minimal vertical 
offset ~ 0.7m (see Fig. 2).   
 

 
Fig. 2. Statistic result of scarp measurement 

 

A paleoseismic trench across 0.6±0.2 m scarp show one 
earthquake ruptured around 700 B.P.  with event 
indicator of paleosol and charcoal sample(see Fig. 3).  We 

interpreted 4 events from another trench cutting ~2.6±
0.3 m high scarp based on indicators of colluvial deposit 
and paleosol.  
 

 
Fig. 3. Trench wall log 

 
The primary results from accumulated slip distribution 
and paleoseismology show that NDNT has feature of 
characteristic earthquake reoccurrence mode, repetition 

at same segment with similar earthquake magnitude > 7. 
Future work will focus on age determination of 
paleoearthquakes to get the interval age of reoccurrence 
and improve the slip mode. 
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