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Preface. 
 

After the very successful 1st Workshop on Earthquake Archaeology and Paleoseismology held in the ancient roman site of Baelo 
Claudia (Spain, 2009), the INQUA Focus Group on Paleoseismology and Active Tectonics decided to elaborate a bi-annual 
calendar to support this joint initiative with the IGCP-567 “Earthquake Archaeology”. This second joint meeting moved to the 
eastern Mediterranean, a tectonically active setting within the Africa-Eurasia collision zone and located in the origins of the 
pioneer’s works on archaeoseismology. However, for the coming year 2012, at least a part of us will move also to the New World, 
where the 3rd INQUA-IGCP 567 international workshop will take place in Morelia, Mexico in November 2012. It is planned to 
proceed with the meeting, so we are thinking of Aachen, Germany, to be the host in 2013, possibly together with Louvain, Belgium. 
 
The aim of this joint meeting is to stimulate the already emerging comparative discussion among Earthquake Environmental Effects 
(EEE) and Earthquake Archaeoseismological Effects (EAE) in order to elaborate comprehensive classifications for future 
cataloguing and parametrization of ancient earthquakes and palaeoearthquakes. One of the final goals our collaborative workshops 
is the integration of archaeoseismological data in Macroseismic Scales such as the Environmental Seismic Intensity Scale ESI-
2007 developed within the frame of the International Union for Quaternary Research (INQUA). In this second workshop we offer 
again a multidisciplinary and cross-disciplinary approach and program, since there is an urgent necessity to share the knowledge 
and objectives among geologists, seismologists, geodesists, archaeologists and civil engineers in order to improve seismic hazard 
assessments and analyses in a near future. Also, we intend to sharpen geoscientists and their research more in the direction of 
critical facilities, which are of world-wide public and political interest after the dramatic catastroph in Fukushima, Japan.  
 
The last two years provided significant dreadful earthquake scenarios, which were in most of the cases oversized in relation to the 
data provided by the historical and instrumental seismicity. The Haiti Mw 7.0 (Haiti, Jan 2010), Malua Mw 8.8 (Chile, May 2010), 
Christchurch Mw 6.3 (New Zealand, Feb 2011), Tohoku Mw 9.0 (Japan, Mar 2011) and Lorca Mw 5.1 (Spain, May 2011) events 
illustrates that both extreme subduction earthquakes or moderate events can generate severe damage in relation to relevant 
secondary coseismic effects or Earthquake Environmental Effects (EEE). Most of these recent events have clearly demonstrated 
that the vibratory ground shaking is not the unique, or even most significant, source of direct damage, and it is by no means the 
only parameter that should be considered in seismic hazard assessments. The lessons offered by the aforementioned events 
corroborate once again the relevance of liquefaction, tsunamis, rockfalls, landslides, ground subsidence, uplift or failure as a major 
source of hazard. But this also underpins the need of re-evaluating the significance of macroseismic intensity as an empirical 
measurement of earthquake size. In fact, as highlighted in the last volume produced by the INQUA Focus Area (Serva et al., 2011), 
intensity is a parameter able to describe a complete earthquake scenario, based on direct field observation and suitable to be 
preserved in the geological, geomorphological and archaeological records.  
 
With this aim the INQUA TERPRO #0418 Project (2008-2011) has implemented a world-wide online EEE Catalogue based on 
Google Earth in order to promote the use of the ESI-2007 Scale for seismic hazard purposes 
www.eeecatalog.sinanet.apat.it/terremoti/index.php. On the other hand the IGCP-567 is promoting an interesting shared approach 
of EEE data and EAE data for the same purpose. Examples of this variety of original research coming from this collaborative 
approach are the Geological Society of London Special Volume 316 (2009) Paleoseismology: Historical and Prehistorical 
records of Earthquake Ground Effects for Seismic Hazard Assessment (K. Reicherter, A.M. Michetti & P.G. Silva, Eds.), the 
Geological Society of America Special Papers 471, Ancient Earthquakes (2010) (M. Sintubin, I.S. Stewart, T. Niemi & E. Altunel, 
Eds.) and the Special Volume of Quaternary International (2011) Earthquake Archaeology and Paleoseismology (P.G. Silva, M. 
Sintubin & K. Reicherter, Eds.). In the same way, this abstract volume contains more than 80 contributions from researchers of 
more than 27 different countries and illustrates the upgrading shared knowledge on palaeo-, ancient, historical and instrumental 
earthquakes and images an impressive growth of our community. Our workshop was co-ordinated through the newly established 
website www.paleoseismicity.org, where earthquake info and blogs are openly shared. 
 
Finally, we wish all participants a fruitful conference and workshop in the vicinity of the ancient sites of the Classical Greece around 
the Corinth Gulf, where earthquake science, wonderful landscapes, ancient cultures, amazing sunny days, fantastic “Greek 
cooking”, nice beaches, daily cool beers, wine tasting events and late night gin tonics mixed with hot discussions are waiting for all 
of us. A special “efharisto poli” goes to Christoph Grützner and Raul Pérez-López for their invaluable work with the organisation 
and the abstract handling. 
 
 
 
The Organizers of the 2nd INQUA-IGCP 567 Workshop  
Ioannis, Klaus, Andreas and Pablo (Corinth, Sept. 2011) 
 

http://www.eeecatalog.sinanet.apat.it/terremoti/index.php
http://www.paleoseismicity.org/
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FIRST PALEOSEISMIC EVIDENCES IN ECUADOR: THE PALLATANGA FAULT RECORD 
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Abstract (First paleoseismic evidences in Ecuador: the Pallatanga fault record): The Pallatanga fault (PF) is a prominent 
strike-slip fault of Central Ecuador. This structure is suspected to have hosted large earthquakes, including the 1797 Riobamba 
event (M~7.5). The scope of the study is to evaluate the paleoseismic history of the fault, together with enhancing the 
seismotectonic model of this part of the Andes and improving the seismic hazard assessment. From 3 trenches, we could infer that 
the PF experienced several strong events (M7.2 to 7.7) in the last 8500 years. According to a new mapping campaign, we also 
could evidence that the fault propagates north to the Riobamba outskirts, suggesting that faulting occurred nearby this big city. 

 
Key words: Paleoearthquakes, Holocene, Pallatanga fault, Ecuador 

 
 
INTRODUCTION 

The Pallatanga fault (PF) is a NNE-SSW segment of 
the Dolorès-Guayaquil Megashear. This mega-
structure is the large deformation zone 
accommodating the dextral displacement between 
the Northern Andean Block and the South America 
Plate with a rate of 6 to 8 mm/a. The PF is a 50 km-
long fault, for which a previous morphotectonic study 
validated its Holocene right-lateral motion (Winter et 
al., 1993). This fault is probably the source of one of 

the largest crustal earthquake in South-America, 
occurred in Riobamba in 1797 (M~7.5: Beauval et al., 
2010) (figure 1). The “Riobamba Antigua” city was 
destroyed (25,000 casualties) and then replaced at 
its current place. It may also have generated a 
Mw6.1 event in 1911. 
The scope of the study is to (1) assess the 
occurrence of potential large paleoearthquakes and 
quantify their number, magnitudes and recurrence 
times, (2) improve the seismotectonic model of the 
area, and (3) enhance the seismic hazard 
assessment of this inhabited region (Riobamba city, 
200,000 inhabitants). 
 
PREVIOUS MORPHOTECTONIC STUDY OF PF 

A detailed topographic survey in the Pangor Rio 
valley (Winter et al., 1993) evidenced the fault plane 
characteristics (N40°E, 75°W) and allowed estimating 
the “near-field” displacement to be ~40m for the 
dextral component and ~8m for the reverse one. 
Winter et al. (1993) deduced a cumulated striae 
dipping slightly to the south (10°). They also 
proposed an average slip rate of 2.9 to 4.6 mm/yr, 
according to regional geomorphic correlation. 
 
RESULTS OF THE TRENCH SURVEY 

We focused on paleoseismological analyses at 
Rumipamba and on a detailed mapping of the active 
fault trace continuation towards Riobamba city. 
 

 
Figure 1: Location of the study area, with the main faults 
and historical seismicity. Figure extract from Beauval et al. 
(2010).  
Blue disks: historical events, with magnitude proportional to 
radius (ex. 1797: M=7.6; 1911: M=6.2; 1958: M=5). Specific 
faults: Pallatanga fault in blue and bounded by red arrows, 
Guamote-Huigra fault in green, Llanganates fault in cyan, 
Pucara fault in magenta. Pink lines: provinces boundaries. 
Names of provinces in pink; names of towns in black. 

 
At Rumipamba, the fault trace runs parallel to the 
mountain front and cuts perpendicularly the erosional 
features going downhill (figure 2). The mountain 
slope sedimentation is exclusively dominated by ash 
falls, with rare colluvium and alluvium. Unfortunately, 
we could not find any channel deposits in test 
trenches and it was thus impossible to find linear 
features that could account for lateral offsetting. In 
further developments, we thus used the 
“morphological slip vector” of Winter et al. (1993). 

Trenches 

mailto:stephane.baize@irsn.fr
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In the three excavated trenches, ash falls are 
strongly pedogenetized in black organic soils 
(andisols), over thicknesses of 2 to 3.5 meters. 
 

 
Figure 2: South-eastward view of the mountain front, cut by 
the Rumipamba segment of the PF. Trenches were 
excavated in the the same area. 

 
Available 

14
C datings of these soils (23 samples) 

range from 6650 cal BC to 1650 cal AD, scattered 
into 7 classes of ages (-6650, -5500, -3500, -2800, -
1800, 800, 1650). They lie above the volcanic 
basement (Mesozoic-Tertiary).  
The trenches’ survey pointed out several interbeds 
with variable oxidized material contents -including 
basement fragments and root remnants- in the 
vicinity of the fault strands. Our basic assumption is 
that these “clastic layers” are stratigraphic markers  
of earthquakes (colluvial wedges) because they are 
associated with the erosion of a basement scarp 
appeared during surface faulting. 
Among the 3 trenches, the trench #2 is especially 
interesting in order to reconstruct the paleoseismic 
history of the fault. There, the stratigraphic series is 
more complete and stratigraphic units can be 
correlated on each side of the fault (figure 3). In 
trenches #1 and #3, the fault strands are obvious but 
correlations are difficult. In trench #2, the fault splits 
in 3 strands propagating from the basement fault 
gouge up to the Holocene deposits and the modern 
soil. The fault zone downthrows the eastern wall by 
about 3 m. 
By performing a retrodeformation of the trench, we 
could infer 5 strong events with individual vertical 
throws from 0.25 m up to 0.90 m (table 1). Assuming 
a slip vector dipping of 10° (Winter et al., 1993), the 
total throws are between 1.45 to 5.20 m, which 
provides magnitudes from 7.2 to 7.7 according to 
Wells & Coppersmith (1994) relations. To generate 
such earthquakes, the same empirical relations 
suggest that the fault rupture can be as long as 60 to 
140 km (which is larger than the mapped PF). 
 

EQ Date 
approx. 
(cal y.) 

Vertical 
throw 
(cm) 

Total 
throw 
(cm) 

Mw SRL 
(km) 

5 1797 25 145 7.2 60 

4 ~1,000 60 345 7.5 100 

3 ~0 90 520 7.7 140 

2 ~ -1,000 90 520 7.7 140 

1 ~ -4,500 70 400 7.6 120 
Table 1: synthetic table of the earthquake history along the 
Rumipamba segment of the Pallatanga fault. Vertical throw 
is the observed data; total throw is calculated from vertical 
throw and morphological slip vector; Mw is calculated from 
total throw with W&C (1994) relation (average 
displacement); SRL is estimated from total throw 

Some uncertainties remain after trench survey. For 
example, the retrodeformation of trench #2 can lead 
to only 4 paleoearthquakes because arguments for 
separating events #4 and #5 (table 1) are weak. The 
last event in 1797 should then have a higher 
magnitude than mentioned in table 1. Moreover, the 
event #2, which is also recorded in trench #1 and 
well constrained by 

14
C datings, is associated with 2 

successive and discordant colluvial wedges. If we 
assume this is not partly due to non-tectonic 
processes (climate degradation for ex.), then arises 
the issue of possible under-representation of 
earthquake number in trench #2 (and correlative 
overestimation of magnitude). 
 
CONTRIBUTION OF MAPPING 

From its southern tip (Western Cordillera front) to the 
trench site (figure 1), the PF is mapped and reaches 
a length of about 60 km. Given the previous 
conclusion of large fault ruptures (SRL>60 km), it has 
been decided to investigate the “unknown” northern 
continuation of the Rumipamba segment where 
morphological features suggested its existence and 
where the rupture may have propagated during large 
past events. The interest is that section is also that it 
can help in improving the seismotectonic model of 
the region and in clarifying the seismic hazard 
assessment of this inhabited area. 
Before field mapping, fault traces were tracked down 
with analysis of remote-sensing images (SPOT5). 
Field control and mapping allow validating most of 
this preliminary work thanks to morphologic and 
geologic observations. The Rumipamba segment 
splits into 2 fault zones when entering the Inter-
Andean valley (figure 4). The western branch 
(Rumipamba-Huacona and La Merced segments) 
seems to rotate into a N-S direction, with pure lateral 
kinematics, whereas the eastern ones changes to a 
NE-SW strike, with a more important vertical 
component (Cajabamba, Gatazo and Lican-
Riobamba segments). This last segment cuts the 
Riobamba basin and seems to offset the surface 
deposits of the Upper Pleistocene (40 ka, Bernard et 
al., 2008) and later morphological features. The 

scarp is almost 100 m high and, locally, we could find 
a dextral offset of 50 m of a valley slope. To the 
north-east, some morphological features (mountain 
front spurs, stream profiles) and outcrops (normal 
faulting and tilting of recent sediments) suggest that 
active deformation propagates from the Riobamba 
basin north-eastwards along the Cordillera Reale 
front (Penipe area), along the Chambo segment. 
These preliminary conclusions need to be completed 
by further mapping, especially in the Chambo valley 
and along the western rim of the Inter-Andean valley 
(north of San Juan). 
All along the prospected area, several places have 
been quoted to be potential sites for further 
paleoseismic investigations. 
 
DISCUSSION 

For the first time in Ecuador, paleoseismic 
investigations prove the occurrence of 4 or 5 strong 
events which shook the Riobamba region in the past. 
We probably found the trace in sediments of the 
Riobamba event (1797) and then confirm that it has 

 

Trenches 

Fault trace 

#1 
#2 & 3 
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been generated by the Pallatanga fault. Magnitudes, 
inferred from geological signal and applying empirical 
relations, range between 7.2 and 7.7, which is in 
agreement with the independent estimation of the 
Riobamba earthquake by Beauval et al. (2010). 
Reccurrence times of these events seem variable 
(Table 1: 800 to 3,500 years) with a mean value 
around 1,000-1,500 years. 
Nonetheless, the trench survey and its interpretation 
are soiled by uncertainties and arises the issue of 
under or over-representation of the event number, 
which is a crucial point in seismic hazard assessment 
(Mc Calpin, 2009). In addition, the 3 trenches 
revealed variable tectono-sedimentary signals. These 
nuances weaken the above conclusions dealing with 
magnitudes of paleoearthquakes and hazard 
assessment for the PF, and we clearly need 
additional investigations to strengthen the results. In 
this first-step work, we assumed for instance during 
magnitude assessment that the observed coseismic 
offsets are “average” values of the event slip and this 
has clearly to be validated. The mapping clearly 
shows that the trenches were not performed at the 
northern tip of the fault and new trenching sites must 
be found out to increase the slip vs rupture length 
dataset. 
Dealing with the fault slip rate of the fault, our results 
based on radiometric datings outstandingly validate 
the rate published by Winter et al. (1993). Roughly, 
trenches show vertical displacement of about 3 
meters of recent soils -i.e. 20 meters following the 
hypothesis of a 10° slip vector- which have been 
produced during the last 5,000 years. This leads to a 
mean slip rate of ~4 mm/a. With respect to the total 
displacement rate (~6-8 mm/a) of the North-Andean 
Block, it suggests that other segments accommodate 
a significant part of the relative motion of North 
Andean Block wrt South America. Up to now, no 
other faults are potential candidates. 
What we know from our mapping campaign is that 
deformation probably propagates both to the north 
(along the western edge of the Inter-Andean valley) 
and to the north-east (towards the eastern rim of the 
Cordillera Reale). This last segment could be the 

structural link between the Pallatanga fault (to the 
south) and the Pucara/Llanganates faults (to the 
north), one of these being probably the source of the 
Pelileo destructive earthquake (1949) (Beauval et al., 
2010). This propagation of deformation to the north 
also drastically increases the seismic hazard for 
Riobamba city, because rupture segments probably 
run all along the outskirts of this vulnerable big city. 
 
Acknowledgements: The authors give special thanks to 
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Figure 3: Mosaic picture and sketch interpretation of trench #2. Ages are given in cal BC/AD. 

 
Figure 4: Sketch map of the northern extension of the PF within the Riobamba basin, and example of the morphological imprint 

of the fault. DS: segment with prevailing dextral component; N: with  normal component (symbols on the downthrown block 

side); R: with reverse component; V: segment with undifferenciated vertical offset; VS: segment with vertical and dextral strike-

slip component (symbols on the upthrown block side, for the 3 last). 
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Abstract (Some notes on earthquake and fault relationships for dip-slip events): We developed a conceptual model for dip-
slip earthquakes to predict the coseismic surface throw and the dislocation as a function of depth along-dip (1-D averaged). By 
performing a Monte Carlo experiment in Matlab to test the conceptual model against earthquake data for years 1990-2006, we 
found that, for reverse faulting, the surface throw is better reproduced with the slip distributions which show a maximum slip closer 
to the surface. Our model predicts a surface throw for reverse faulting earthquakes that is larger than that contained in the Wells 
and Coppersmith (1994) relationships. The use of downward or upward directivity in the rupture changes dramatically the 
assessment and the perception of the earthquake hazard, as shown by the catastrophic 2011 Japan earthquake. 

 
Key words: Normal fault, thrust fault, coseismic rupture, Monte Carlo model. 

 
 
INTRODUCTION 

 
It is commonly accepted in the literature that 
deviatoric stress increases with depth (see, e.g., Das 
and Scholz, 1983; Henry and Das, 2001). The 
coseismic dislocation is predicted to initiate at the 
base of the seismogenic layer and to propagate 
upward. However, two classes of observations, 
coseismic throw and depth directivity, are hardly 
explained with such hypotheses in the case of dip-
slip earthquakes. Reverse-faulting earthquakes 
occurred in the past 20 years exhibited a much larger 
throw at the surface, with respect to normal-faulting 
earthquakes of similar magnitudes. Also, in certain 
cases of reverse-faulting earthquakes, seismological 
observations show a downward directivity of the 
rupture (Carminati et al., 2004).  
 
METHOD AND DATA 

 
In this work we developed a conceptual model for 
dip-slip earthquakes to predict the coseismic surface 
throw and the dislocation as a function of depth 
along-dip (1-D averaged). To this purpose, we 
determined relationships among the surface throw 
and the earthquake parameters (slip, dip, depth, and 
moment magnitude Mw) for two emblematic normal 
and reverse faults. Finally, assuming that the (1-D 
averaged) slip-distribution at depth may be related to 
the deviatoric stress, we discussed the difference 
between our model and Das e Scholz (1983) model. 
This work is thus developed in two parts: the 
generation of synthetic relationships between 
coseismic throw and magnitude, and the comparison 
of model predictions with a 20-years long earthquake 
dataset (Tab. 1). We made a Monte Carlo experiment 
in Matlab to test the conceptual model against data. 
The synthetic relationships are based on standard 
seismic catalogues. We determined the frequency 
distributions for dip, Mw and seismic moment from 

the USGS catalogue, and the depth distributions from 
regional earthquake catalogue. Based on these 
distributions, we generated a very large synthetic 
earthquake catalogue. For each of these synthetic 
earthquakes we set the average slip, the length and 
the width of the rupture based on a-priori 
relationships. Then, we predicted the surface throw 
based on two classes of slip distributions at depth: 
one class based on four a-priori distributions (our 

choice), and one class based on literature data, 
which have been grouped in three slip distributions at 
depth. These four (or three) distributions differ as it 
follows: (1) the maximum slip is in the center of the 
rupture, (2) it is closer to the bottom or (3) to the top 
edge of the rupture; (4) the slip is uniform. For each 

 
 
Fig. 1: Cumulative percentage of earthquakes that 
ruptured the surface for reverse (TF) and normal faulting 
(NF). Lines represent the model prediction, the symbols 
represent the data. 
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magnitude bin we computed the average and the 
standard deviation of the predicted surface throw. 
Last, we compared the predicted maximum and 
average surface throw with the observed throw for 
earthquakes occurred in years 1990-2008. As a 
cross check, we computed the percentage of 
synthetic earthquakes that produce surface throw, as 
a function of magnitude (Fig. 1). 
 
RESULTS 

 
We found differences between reverse and normal 
faulting earthquakes. For reverse faulting, the surface 
throw is better reproduced with the slip distributions 
which show a maximum slip closer to the surface, or 
with the uniform slip (Fig. 2). For normal faulting, the 
best fit occurs when the maximum slip is closer to the 
bottom edge of the rupture.  

 
DISCUSSION AND CONCLUSIONS 

 
We observed some differences with the outcomes of 
Wells e Coppersmith (1994) and Das e Scholz 

(1983). Our model predicts a surface throw for 
reverse faulting earthquakes that is larger than that 
contained in the Wells and Coppersmith (1994) 
relationships. The opposite occurs for normal faulting 
earthquakes. In the dataset of Wells and 
Coppersmith (1994), the fault dimensions are derived 
sometimes from seismological data, sometimes from 
geodetic data. As we used only earthquakes 
occurred in recent times, our dataset is based on 
seismological data and is therefore more 
homogeneous. Although we have fewer data, our 
result appears robust. In the hypothesis that the slip 
distribution can be used as a proxy for deviatoric 
stress, the maximum of the deviatoric stress is 
expected to be close to the upper edge of the fault 
rupture at least for earthquakes with low dip angle 
(<45 degrees). Das e Scholz (1983) model was 
developed based on a dataset of Californian 
earthquakes, where thrusts exhibit larger dip angles. 
We believe this dataset is not representative of global 
earthquakes.  
The use of downward or upward directivity in the 
rupture changes dramatically the assessment and 
the perception of the earthquake hazard, as shown 
by the catastrophic 2011 Japan earthquake. Also, the 
importance of a bias in the predicted surface throw 
can be more important in very large earthquakes. We 
propose to discuss our findings in the light of the very 
recent and large earthquakes. 
 
Acknowledgements: We thank Paolo Fasoli for part of the 
literature review and Martin Mai for the discussion about the 
slip models. 
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N Code Date Location Mw Depth (Km) Type Avg Throw (m) 

1 EV-022 1990/11/06 Iran 6.6 11.1 TF 2.6 

2 EV-073 1992/08/19 Turkey 7.2 17 TF 3 

3 EV-101 1993/05/17 California 6.1 7 NF 0.02 

4 EV-117 1993/09/29 India 6.2 14.1 TF 1.93 

5 EV-187 1995/05/13 Greece 6.5 14 NF 0.05 

6 EV-192 1995/06/15 Greece 6.5 14 NF 0.02 

7 EV-206 1995/10/01 Turkey 6.4 9 NF 0.2 

8 EV-282 1997/09/26 Italy 6 6 NF 0.03 

9 EV-330 1999/09/07 Greece 6 10 NF 0.08 

10 EV-331 1999/09/20 Taiwan 7.6 9 TF 5 

 
 
Fig. 2: Surface throw as a function of moment magnitude. 
Lines represent the model prediction, the symbols 
represent the data. For convenience, an enlargement is 
shown in the inset. 
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N Code Date Location Mw Depth (Km) Type Avg Throw (m) 

11 EV-405 2002/02/03 Turkey 6.5 5 NF 0.15 

12 EV-414 2002/06/22 Iran 6.5 11 TF 1 

13 EV-431 2002/11/03 Alaska 7.2 4.2 TF 4 

14 EV-518 2005/02/22 Iran 6.4 7 TF 0.8 

15 EV-532 2005/10/08 Pakistan 7.6 19.1 TF 3.7 

Tab. 1: Earthquakes with coseismic surface throw, years 1990-2006 (Mw>=5.9). 
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Abstract (Holocene Coastal Notches in the Mediterranean: Palaeoseismic or Palaeoclimatic indicators?):  
Bioerosion and bioconstruction along rocky coastlines can lead to the development of coastal notches that are 
preserved when uplifted or submerged above or below the swash zone and thus can be used to quantify relative 
vertical coastal motions in tectonically active areas.  There are two main models for the genesis of notch profiles.  
The first is tectonically driven, with notches forming during relative still-stands of sea-level; notches are 
subsequently raised (or lowered) relative to sea-level due to local seismic events. The second model favours a 
climatic origin for notch formation, where stable periods of Holocene climate allow enhanced erosion.  Here, we 
explore these two models using a database of Eastern Mediterranean notches.   We conclude that the spatial and 
temporal distribution of the notches favours a dominantly tectonic control on formation. 
 

 
Key words: notches, tectonics, climate, Holocene. 

 
 
INTRODUCTION 

 
Along rocky coastlines bioerosion and 
bioconstruction can lead to the development of 
coastal notches that can be preserved when uplifted 
or submerged above the swash zone (Stewart and 
Morhange, 2009).  As these geomorphic features 
form at sea level, palaeoshorelines could be used to 
quantify relative coastal uplift and subsidence in 
tectonically active areas when the sea level history is 
known (e.g., Pirazzoli & Thommeret, 1977; Pirazzoli 
et al., 1981, 1982, 1989, 1991, 1994a, 1994b; Stiros 
et al., 1992; Stewart et al., 1997; Stiros et al., 2000; 
Antonioli et al., 2006; Shaw et al., 2008). 
 
Despite this large body of work there is some 
disagreement on the process of notch formation.  
The most commonly assumed theory is that notches 
form when the rate of sea level change matches the 
uplift (or subsidence) rate along a coastline resulting 
in a relative sea level still stand.  Notches are then 
raised higher than sea level when a seismic event 
results in rapid coastal uplift preserving the feature 
from further erosion.  However, in many other areas it 
is not clear whether notches reflect short-term 
seismic events or the long-term uplift rate averaged 
over many seismic cycles (Stewart & Vita Finzi, 
1996).  Rarely, can individual notches be matched to 
documented earthquakes (Pirazzoli, 1994a). 
 
Recently, Cooper et al. (2007) have linked notch 
formation to Holocene periods of climatic stability.  
Specifically, when the rate of sea level rise is lower 
than the tectonic uplift rate but when climatic 
conditions favour high productivity, increased levels 

of bioerosion develop a notch.  This enhanced 
erosion ceases during periods of rapid climate 
change (RCC), allowing notches to become 
emergent due to continuing coastal uplift.  Cooper et 
al. (2007) discount any correlation between notches 
and individual seismic events, stating that individual 
earthquakes are too small to raise a notch clear 
above sea level and too numerous to explain the 
formation of the four notch intervals that they 
observed on the Perachora Peninsula (Greece). This 
is a dramatic reinterpretation of coastal notches 
which, if correct, means these phenomena cannot be 
used for palaeoseismic indicators and associated 
seismic hazard assessments. So what drives notch 
development: tectonic instability (earthquakes) or 
climatic stability (enhanced bioerosion)? 
 
If tectonic uplift is the dominant control in the 
Mediterranean, then notches will develop only in 
coasts where slow regional emergence is augmented 
by abrupt uplift events (earthquakes) and the age of 
notches will relate broadly to local palaeoseismic 
episodes.  If climate is the dominant control on notch 
formation, then notches can also form on subsiding 
coasts and will date only to periods of climatic 
stability (no RCC) that are consistent across the 
region.  Mayewski et al., (2004) propose five periods 
of stable climate dating to 8000-6000, 5400-4200, 
3800-3300, 2500-1200 and 1000-600 years BP. That 
implies that no more than five notches ought to be 
formed in any one place, each corresponding to an 
intervening periods of no RCC during the last 10,000 
yrs (Mayewski et al., 2004). Yet in some parts of the 
Mediterranean coast more than five notch levels are 
recorded;  along the coast of Crete, nine to ten well 
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preserved superimposed shorelines can be observed 
(Pirazzoli et al., 1982) and eight are present on 
Rhodes (Pirazzoli et al., 1989),  
 
Such field observations seem inconsistent with the 
climate model. However, to appraise any relationship 
with climate in a more robust manner requires a 
systematic analysis of the Holocene palaeo-shoreline 
data for the Mediterranean region as a whole. To do 
that, we have compiled a dataset of palaeo-shoreline 
data that span several decades of published 
research in the region. The database itself comprises 
428 dated samples derived from 40 separate studies 
that were undertaken at locations from across the 
whole of the Eastern Mediterranean. These data are 
used to examine age and height relationships and 
test correlations with periods of RCC.                                                                                    
 
The results of the database are summarised in figure 
1. Generally, with the exception of a few outliers, the 
initial phase of notch development in the 
Mediterranean occurs in the period 5000 – 6500 
years BP (Fig. 1). This period correlates with the mid-
Holocene slowdown of global sea-level rise. The 
eustatic slowdown at this time ensures that along 

many tectonically uplifting coasts, rates of 
emergence and sea level rise are in unison and so 
notch development takes place. It is noteworthy that 
under the climate model this period is one of rapid 
climate change and so a time window in which notch 
formation ought to be muted.  
 
Indeed, overall, figure 1 shows that there appears to 
be no correlation between stable climatic periods and 
notch occurrence, with numerous notches dating to 
periods of RCC (grey bars).  This strongly suggests 
that climate is not the controlling factor for notch 
formation. Instead, it appears that the complex age 
and height pattern of notches around the region more 
likely reflects local tectonic histories of slow 
interseismic crustal deformation overprinted by 
abrupt seismic movements of the coastline. 
Discriminating ambiguous palaeoseismic information 
from this complex shoreline record, however, 
remains a difficult task. 

 
Acknowledgements: We would like to thank Richard 
Martin for his help in constructing the notch database. 
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Figure 1a) Histogram showing frequency of samples against age from notches around the Eastern Mediterranean in 100 year 
groups; b) Graph of radiocarbon age against height of all notch data for the Eastern Mediterranean region.  Grey bars on both 
graphs indicate the periods of proposed Holocene rapid climate change. 
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Abstract (Analysing the landslide susceptibility with statistical methods in Maily-Say, Kyrgyzstan): A landslide 
susceptibility analysis was carried out for Maily-Say, a former uranium mining town in Kyrgyzstan. Numerous landslides threaten 
inhabitants, infrastructure and uranium tailings. Besides typical factors responsible in this region, like seismicity, geology, 
geomorphology and climatic conditions, land use plays an important role in Maily-Say. In order to predict landslide susceptibility 
and to clarify the interplay of different factors two statistical methods were implemented, a bivariate statistical method and a data 
mining approach based on a multi-temporal digital landslide inventory. Generally, with both methods areas could be mapped that 
show a high potential for future landslides. Furthermore, the correlation of landslides with the landform and loess deposits provide 
some information on the seismic effects on slope stability. 

 
Key words: landslide susceptibility, bivariate statistical analysis, data mining 

 
 
INTRODUCTION 

 
In this study a landslide susceptibility analysis in 
Maily-Say, Kyrgyzstan, was undertaken. In the 
vicinity of the former uranium mining and milling town 
more than 200 landslides were present in 2007. 
Besides frequent damage to houses and 
infrastructure, landslides already caused several 
fatalities. Landslides damming the main river during 
spring runoff lead to flooding (Havenith et al., 2006b). 
Numerous radioactive, partially instable uranium 
tailings and waste dumps are threatened by 
landslides. Since the main river leads to the 
Ferghana Valley, a densely populated and 
agricultural region covered mainly by Uzbekistan, the 
destabilisation of nuclear waste tailings in Maily-Say 
bears the potential of a major environmental 
catastrophe (Blacksmith Institute, 2006). 
The term landslide susceptibility implies the spatial 
probability of occurrence of slope failures (Aleotti & 
Chowdury, 1999). By analysing geological and 
geomorphological situations that have lead to slope 
failures in the past, it is possible to predict the 
landslide susceptibility to a certain degree (Varnes, 
1984). In this study two different statistical methods 
were used for predicting the landslide susceptibility in 
Maily-Say, a bivariate statistical approach and data 
mining. Besides pointing out endangered areas, the 
study aimed at analysing the main factors causing 
slope failures in Maily-Say and their temporal 
development with the help of a multi-temporal 
landslide inventory.  
The idea behind this approach is to extract a 
maximum of information from a simple dataset 
(geology, digital elevation model, landslide inventory) 
to provide a first localisation of endangered areas 
without having been to the field. 

Setting 
 
Maily-Say is located in the western foothills of the 
seismically active Tien Shan high mountain belt, on 
the northern rim of the Ferghana Basin. The Tien 
Shan is an old orogenic belt from Variscan times 
which was reactivated during the collision of India 
and Eurasia 55 Ma ago and started to rise 10 Ma ago 
(Molnar & Tapponier, 1975; Bullen et al., 2001), see 
figure 1. The peaks exceed heights of 7000 m. The 
geology in Maily-Say is related to the transitional 
position between high mountains and a basin 
dominated by partially soft Jurassic, Cretaceous and 
Paleogene sedimentary rocks, see figure 4. A 

 
Fig. 1: Schematic tectonic map of Southern Central Asia, 
from Bossu et al. (1996) with the outline of figure 2 (a). 



2nd INQUA-IGCP-567 International Workshop on Active Tectonics, Earthquake Geology, Archaeology and Engineering, Corinth, Greece (2011) 
 

                                      INQUA PALEOSEISMOLOGY  
            AND ACTIVE TECTONICS 

    
                          EARTHQUAKE  

ARCHAEOLOGY 
 
                                                                                                                   

18 

relatively weathering resistant formation is the 

Cretaceous limestone that was also mined for 
uranium. The landscape is characterised by a quiet 
rough relief with heights reaching from 700 m to 
4000 m. The climate is predominantly dry-continental 
with snowfall in winter and high run off in spring. 
Due to the tectonic, geological, geomorphological 
and hydrometerological conditions this region in 
general is highly prone to landslides (Roessner et al., 
2005), see also figure 2). In Maily-Say also the 
uranium mining activities from 1946 to 1968 are 
supposed to have an important impact on the 
destabilisation of slopes. Actually, before 1946 there 
were only few landslides present (Havenith et al., 
2006b). Then, landslide activity increased due to 
mining activities (Torgoev et al., 2002). Until 1962 the 
number of landslides reached 157. The direct link 
between mining activities and landslides may be 
explained by rock weakening because of the 
extraction works, collapse of underground mining 
galleries and rising groundwater levels in the 
abandoned galleries (Havenith et al., 2006b). But 
also indirect processes like changed land use due to 
population growth and increasing traffic may play a 
role. After the mining activities stopped in 1968, the 
increase of landslide activity was going on and even 
accelerating in the 90s. Large landslides, like the 
Koytash, the Tektonik and the Isolith landslides, 
involving up to 5 Million m

3
 of rocks and soils formed 

during this period (Minetti, 2004). It is not clear, 
whether this are still long-term effects of the mining 
activities or if other factors, like seismic events or 
climatic trends contribute to this development. For 
instance a massive collapse of the Tektonik landslide 
occurred 7 weeks after a Ms 6,2 earthquake in 1992, 
at 20 km in the south of Maily-Say (Havenith et al., 
2006b). Unfortunately documentation e.g. on 
earthquake damages are scarce, so it is not possible 
to draw clear connections between earthquake 
events and single landslides. 

 

 
METHODS, RESULTS AND DISCUSSION 

 
A multi-temporal landslide and scarp inventory of the 
years 1962, 1984, 1996, 2002 and 2007 as well as 
geological and geomorphological data for the Maily-
Say Valley were available and prepared in ArcGIS 
(ESRI). The landslide and scarp inventories were 
developed on the basis of existing digital inventories, 
aerial photographs from the 50s and 60s, satellite 
images from 2002 and 2007 and field observations.  
 
Bivariate statistical analysis 
For the bivariate statistical analysis landslide and 
scarp maps were compared to different factor maps 
on a pixel base using a GIS. According to the method 
of van Westen (1997), a weight index (W i) was 
calculated expressing the probability of landslide 
occurrence for each raster cell according to the 
distinct parameter. Parameters investigated were e.g. 
slope angle, altitude, curvature, distance to rivers as 
erosion base, geology, distance to faults and loess 
deposits. Loess deposits in the Maily-Say valley 
mainly remained on plateaus which are due to the 

 
Fig. 3: Histogram showing the Wi for scarps vs. loess 

boundary. 

 
Fig. 2: Digital elevation model of Kyrgyzstan (SRTM data from Reuter et al. (2007)) with mapped landslide sites and Ms ≥ 5 
earthquakes, based on data of the Kyrgyz and world seismic catalogue. 
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lacking slope angle not very vulnerable to landslides. 
Often there are steeper slopes at the verge of these 
plateaus and the loess deposits. This is where loess 
landslides are likely to occur. Therefore, a 30 m 
buffer around the boundaries of loess was also 
analysed. The weight indices were compared for 
scarps and landslide bodies separately and between 
the different years. A landslide susceptibility map was 
created following the InfoVal method (Saha et al., 
2005) based on the 1962 landslide inventory. 
In the following paragraph some interesting results 
are summarized. A seismic triggering is suggested by 
the correlation of the landslide scarps with convex 
landforms and with the boundaries of loess deposits.  
Basically, concave landforms are supposed to be 
more susceptible to landslides because of runoff 
convergence and lower depth to water table. On the 
other hand, in convex landforms the seismic waves 
are amplified when reflected at the surface. Havenith 
et al. (2006a) observed this phenomenon in the 
Suusamyr region, also within the Tien Shan. Hence, 
the correlation of landslide scarps with concave 
landforms indicates a seismic triggering. The 
correlation of landslide scarps with the boundaries of 
loess (see figure 3 and 4) is increasing over time and 
stagnating after 1996. Earthquakes can directly 
trigger loess landslides, e.g. by loess liquefaction as 
observed in China and Tajikistan (Wang et al., 2004) 
or indirectly by forming fractures that allow rapid 
infiltration and resulting collapse during the next 
rainfall event (Havenith & Bourdeau, 2010). The fact 
that this observed trend is rising abruptly between 
1984 and 1996 and then stagnating may indicate a 

connection to the 1992 Ms 6,2 earthquake event near 
Maily-Say. Not only a direct triggering but also a 
weakening effect of the aforementioned processes 
and a temporal delayed failure of slopes is possible. 
In addition to that, evidence for a climatic change 
was figured out. A shift of landslide correlation with 
slope aspect from S in 1962 and 1984 to NW in 1996 
indicates the contribution of a wetter climate to 
increasing slope failure.  
The method caused problems e.g. in implementing 
the geology (figure 4). Here landslides correlate 
strongly with the Sarybia formation, a Jurassic 
sandstone formation. This is because only a very 
small extend of this formation is included into the 
analysis extend. This small extend includes a very 
large landslide, which leads to an overestimation. 
The landslide susceptibility map created with this 
method based on the 1962 landslide inventory was 
compared to landslide inventories of the years after 
1962. The comparison showed agreement between 
regions mapped as highly susceptible and landslides 
that formed after 1962. 
 
Data Mining 
With data mining methods it is possible to detect 
landslides in a dataset using classification algorithms. 
This method aims at simulating the reasoning 
process, e.g., the one of a geologist as in this case 
(Fernandez-Steeger, 2002). An artificial neural 
network (ANN) and a Bayesian network were 
developed for analysing the multi-temporal landslide 
inventory. Since this method can handle large input 
datasets, an abundance of geological, morphological 

 
Fig. 4: Geological map of the working area showing distribution of loess deposits and outlines of landslides in 2007. Geology after 

de Marneffe (2010). 



2nd INQUA-IGCP-567 International Workshop on Active Tectonics, Earthquake Geology, Archaeology and Engineering, Corinth, Greece (2011) 
 

                                      INQUA PALEOSEISMOLOGY  
            AND ACTIVE TECTONICS 

    
                          EARTHQUAKE  

ARCHAEOLOGY 
 
                                                                                                                   

20 

and hydrological factors were used as input data. 
The dataset was prepared in a ArcGIS on a pixel 
base, while the main modelling was executed with 
the PASW Modeler 14 (SPSS Inc.), a user interface 
for common data mining algorithms as well as data 
pre- and post-processing The results of the 
classification were transferred back to the GIS for 
evaluation. 
While the ANN was adjusted quite optimal to the 
landslides and provided good classifications, the 
Bayesian networks developed the ability to identify 
also zones for possible future landslides. At this point 
of the work the contribution of each factor to the 
result is still not very transparent. Further 
development is needed here. 
Whereas ANNs have already successfully been 
implemented for landslide susceptibility analysis 
(Fernandez-Steeger, 2002; Lee et al., 2003) there 
are no studies based on Bayesian networks.  
A comparison between the results of the InfoVal 
method and a Bayesian network is shown in figure 5 

 
CONCLUSIONS 

 
Two statistical methods were applied to analyse 
landslide susceptibility in Maily-Say, Kyrgyzstan. 
Both methods provide the possibility of a remote 
landslide analysis based on relatively simple 
datasets. This is an advantage for remote places like 
Kyrgyzstan, where landslide sites are not easily 
accessible or experts are simply lacking. Especially 
the bivariate statistical method is a simple method 
that provides a useful first idea of landslide 
susceptibility. The data mining approach is also 
promising for the task of predicting landslide 
susceptibility, but the whole process of data 
preparation, modelling and validation requires more 
time and mathematical skills.  
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Fig. 5: Comparison of the results of the statistical and the 
data mining approach, a) InfoVal method, b) Bayesian 

networks. Both based on landslide data from 1962. 
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TECTONIC INTERPRETATION OF THE 2008 WENCHUAN EARTHQUAKE: WHY IT ONLY 
PROPAGATED IN ONE DIRECTION - THE FUTURE? 
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Abstract (Tectonic interpretation of the 2008 Wenchuan earthquake): The 2008 Wenchuan earthquake, (M = 7.9) occurred on 
a listric thrust fault that at the hypocenter (15-20 km) dipped ~30-40° NW and steepened upward to near vertical at the surface 
(Zhang et al., 2008)  Maximum slip was 9 m vertical and 6 m right-slip.  The fault propagated from the epicenter to the northeast 
for ~ 200 km with increasing right-slip eastward and broke across at least two fault segment boundaries.  Although the earthquake 
occurs along the steep topographic slope of the Longmen Shan at eastern margin of the Tibet plateau, it was unexpected because 

data suggests that the recurrence interval on the fault zone was 2500 to 4000 years. 

 
Key words: Earthquake, Wenchuan, China, 2008 

 
 
INTRODUCTION 

  
The earthquake fault, Pengguan-Beichuan fault, 
broke in two segments, the main segment was along 
the east side of a major uplift of Precambrian 
basement rocks, the Pengguan massif, in the 
Longmen Shan at the eastern margin of the Tibet 
plateau, southwestern Sichaun, China, and 
propagated northeast into Paleozoic rocks.  The 
Pengguan uplift is a northeast plunging anticline with 
its sedimentary cover still exposed at the north end.  
The east side of the anticline is the Pengguan-
Beichuan fault.  Because of the plunge to the north 
the east vergent thrust sheets are exposed also to 
the north and are cut by the Pengguan-Beichuan 
fault (figure 1). These geological relations were 
discussed by Burchfiel et al., (1995).  
 
The question of why the fault only propagated to the 
northeast and its long recurrence interval can be 
explained by the geological framework in the area 
that was known in 1995.   The west side of Pengguan 
uplift and the Pengguan-Beichuan fault are cut off at 
the south end by the Wenchuan-Maowen fault, a 
steep fault that has active right-slip, but was not 
reactivated during the earthquake, that also cuts off 
the sedimentary cover and Mesozoic thrust sheets so 
that the southern Penguan Precambrian has no 
sedimentary cover and it is not clear how much it has 
been uplifted. How these two faults interact is critical, 
but is at present unknown. The Wenchuan-Beichuan 
fault has a low-grade mylonitic fabric that shows the 
west side down (a normal fault), that is consistent 
with the geology where the rocks west of the 
Penguan massif are metamorphosed Paleozoic that 
belong to the Mesozoic thrust sheets.  
 
 
DISCUSSION 

 
Why the earthquake did not propagate also to the 
southwest and what are the prospects of a large 

earthquake to the southwest can be explained by the 
geological framework of the area.  To the south, the 
Precambrian is uplifted again in the Baoxing massif 
that also has the characteristics of an east vergent 
fold with a steep thrust along its eastern side (Fig. 1).  
The Wenchuan-Maowen fault appears to continue 
south and cuts off the west side of the Baoxing uplift 
and Paleozoic and even Triassic strata lie west of the 
fault against Precambrian rocks to the east. 
 
Regionally east of the Chengdu plain (the Quaternary 
area east of Pengguan uplift) is an single curving 
fold, the Longchaun anticline) that intersects the 
Longmen Shan obliquely in the north but trends away 
from the Longmen Shan to the south and curves 
south east of Chengdu and continue farther south 
east of Emei shan (Figure 1).  Within the southern 
Chengdu plane several north-plunging anticlines 
appear and grow in amplitude southward so that the 
elevation to the south rises and rapidly becomes the 
eastern part of the Tibetan Plateau.  These folds 
involve Precambrian rocks in the south.  Thus what 
appears to be a horizontal decollement with the 
sedimentary section beneath the Chengdu plane in 
the north that connects the Longchaun anticline with 
the Pengguan-Beichuan fault, in the south the 
decollement must drop into the Precambrian rocks 
where the topography becomes part of the Tibetan 
Plateau.  
 
The geometry of active deformation suggests 
stresses focused mainly at the Pengguan uplift in the 
north, become distributed southward from the 2008 
epicenter across a broad of the area suggesting that 
the stress is being relieved in the southern area 
where is more distributed and being relieved by a 
broader and more active area of seismic activity. 
 
However, along the topographic eastern margin of 
plateau, mountains increase in elevation so that at 
the Siguniang Shan (4 girls)  they reach more than 
6200 m and at Gonga Shan farther south they reach  

mailto:bcbruch@mit.edu
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7550 m.  The mountain front east of the 4 girls is very 
steep, suggesting again rapid uplift like along the 
Pengguan massif.  This is similar to the conditions at 
the area of the Wenchuan earthquake, and needs to 
be tectonically and geomorphologically researched 
for recurrence interval in this area that may also be 
longer that recorded history.  looked at in terms of the 
even though the stress appears to be more 
distributed to the east in this region.  Like all geology 
relations there are ambiquities: the steepness of the 
topographic margin of the plateau in this area is a 
clue as to how structurally active the plateau margin 
is but the broader distribution of active structures and 
earthquakes suggests stresses are being distributed.  
Farther east there is second steep mountain front on 
the east side of Emei Shan with an active fault at its 
base.  Another alarming relationship. 
 
The change in structure from north to south east of 
the Longmen Shan  can be interpreted to be related 
to the geometery of the Xianshuihe fault, an arcuate 
NW-tending fault major active right-slip that 
separates two major crustal provinces in SW China: 
a province to the south that is part of a crustal 
fragment that rotates clockwise at 10-12 mm/yr 
around the Eastern Himalayan syntaxis,  from the 
Longmen Shan province that moves NE ~parallel to 
the eastern margin the Tibetan Plateau with only a 
very slow convergence rate (1-2 mm/yr) with respect 
to South China to the east as shown by GPS data.  In 
fact, the convergence rate is so slow that the eastern 
part of the Tibetan Plateau moves east nearly at the 
same rate as South China as first shown by King et 
al. (1997).  The slow convergence rate across the 
topographic margin of Tibet Plateau explains the 
large recurrence interval of the Wenchuan 
earthquake, but does not easily explain the steep 
topographic margin and the rise in elevation of the 
front to the south.  
 
West of Kanding Xianshuihe fault curves more 
sharply that either to the NW or SE forming a 
restraining bend indicates there is a component of 
compression across the fault that forms the high 
topographic area east of the fault and where 
basement rocks are involved in the structure.  At the 
bend the mountains reach 7550m where the large 
Cenozoic pluton that underlies the Gonga Shan. If so 
the it is also where to the east of the fault the Tibetan 
plateau was elevated and the folds that come from 
the southern part of the Sichuan basin involve 
Precambrian rocks. There are cross structures here; 
WNW trending thrust faults that involve Precambrian 
cut across the N-S trending folds from the southern 
Sichuan basin that also involve Precambrian.   The 
decollement here is in the basement beneath the 
folds and probably beneath the huge NW-trending 
Danba antiform of Precambrian east of Kanding.  
This raises the question of how deep is the 
decollement and how does it interact with the 
Xianshuihe fault; the decollement is deep and the 
Xianshuihe fault may be a crustal feature.  
 

 
 

 
 
Fig. 1: Generalized map of the Longmen Shan and 
Southern Sichuan basin area showing structures of late 
Cenozoic to active age.  Faults are in red decorated with 
barbs for thrust faults, arrows for strike-slip faults and 
double ticks for normal faults. Blue are the folds of late 
Cenozoic age, except in the southeast where they are of 
Middle Cretaceous age (dark blue). These structures 
overprint the early Mesozoic Longmen Shan thrust faults 
that moved the Songpan Ganze Unit (pale red) eastward 
above the Yangtze Unit (white).The area of the 
southwestern Sichuan basin shown in yellow, the Chengdu 
plain, has a thin cover of Pleistocene sediments derived 
from the Longmen Shan and ponded behind the active 
Longquan anticline (LQA). Large black dot at south end of 
Pengguan massif (PM) is location of the 2008 Wenchuan 
earthquake epicenter. 4G=Four Girls peaks, AF=Anninghe 
fault, BF=Beichuan fault, BSM=Baoxing massif, DA=Danba 
antiform, EA=Emei Shan anticline,  GS=Gonga Shan,  
HF=Huya fault, PM=Pengguan massif, SF=Shimian fault, 
WMF=Wenchuan-Maowen fault, XF=Xianshuihe fault, 
XSP=Xushan platform, XPA=Xiong Po anticline. 
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Abstract: The Marmara Sea is located in the eastern part of the Mediterranean region, in an area with strong seismic instability 
associated with the activity of North Anatolian Fault. In order to analyze the impact of seismicity on the sedimentation in the 
Marmara Sea we have studied three giant piston cores (27 to 37.7m long). They represent the last 20 kyr of sedimentation. The 
upper section (marine stage) is predominantly composed by fine grained terrigenous material (clay-silty) and in less percentage by 
the silty-sandy laminated intervals. The lower section (non marine) is composed by abundant fine grained terrigenous material, 
numerous turbidites sequences and levels with deformation structures (possible seismites). Some turbidites show an abrupt 
contact separating the coarse grain basal part (bed load) of the fine grain upper part (suspended load), this later are defined as 
“homogenites” 
 

 
Key words: Sea of Marmara, Earthquakes, Turbidites, Homogeneites. 

 
 
Introduction 

The Marmara Sea (Northwestern Turkey) is a pull-
apart basin developed along the North Anatolian 
Fault (Hancock and Barka, 1981). East-West 
elongated (200 km) it is composed of several aligned 
sub-basins (Tekirdağ, Orta, Kumburgaz and Çinarcic 
basin) (Fig.1).  The North Anatolian Fault (N.A.F) is a 
1200-km-long dextral strike-slip fault (Şengör et al., 
2004) and is considered as a major active boundary 
between Anatolia and Eurasia plates. (Armijo el al., 
1999; McClusky et al., 2000; Flerit et al., 2003).  

 
The northern branch of the N.A.F. crosses the 
different deep sub-basins, where giant pistons cores 
(from 27 to 37,7 m) have been retrieved, with location 
based on high resolution seismic reflection imaging. 
This survey aimed to detect and characterize co-
seismic sedimentary episodes - especially 
“homogenites” – for a 20 000 yr-long period. Different 
previous studies have demonstrated the interest of 
sedimentary record (isolated marine basins and 
lakes) as archives of seismic activity (Hempton and 
Dewey, 1983; Calvo et al., 1998; Chapron et al., 
1999; among many others). Movements of water 
masses (seiche effect, reflected turbidites) and mass 
wasting (triggered by major earthquakes) are inferred 
to combine themselves for specific depositions which 
locally compensate vertical offset of seafloor, as in 
the Sea of Marmara central basin (Beck et al, 2007; 
Stegmann et al., 2007; Strasser et al., 2006). Thus, 
the present work is dedicated to the Central (Orta) 
and eastern (Çinarcic) basins to detect, characterize, 
and correlate, these sedimentary “events”, as a 

contribution to pecise paleoseismic data (associated 
fault offset, chronology). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Simplified geodynamic setting of the Sea of Marmara for the 
present day with coring locations (after Armijo et al., 1999; Beck et 
al., 2007). GPS velocity vector with fixed Eurasia Plate, from 
McClusky et al., 2000. The Anatolia Plate is bounded by major 
strike-slip faults systems (North and East) and subduction (South). 
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The objective of this work is identify and characterize 
the impact of seismicity over the sedimentation and 
distinguish them from “normal” sedimentary 
processes as hemipelagic-type fallout and flooding, 
subsequently we hope to determine the earthquake 
recurrence and contribute to improve hazard 
estimates. We have studied 3 giant piston cores 
collected during the MARMACORE Cruise in August-
Septembre 2001. The cores were taken in the 
Çinarcic basin (MD01-2425), and in the Orta basin 
(MD01-2429, MD01-2431), at depths between 1230 
and 1170m. The sedimentary record in theses cores 
represent the sedimentation of the last 20 kyr.  
 
Methods 

One of the challenges is the distinction between fine-
grained, slow and continuous, hemipelagic 
sedimentation, from quite instantaneous re-
suspension and re-deposition. For this we combined 
different tools in order to characterize the textures: 
grain size (laser diffraction grain size analyzer, 
Malvern 

TM
), anisotropy of magnetic susceptibility 

(Kappabridges MFK1-FA AGICO) and X-ray imagery 
(D.G.O.’s SCOPIX). Compositions were controlled 
through magnetic susceptibility (BARTINGTON 

TM 

MS2 contact sensor), and microscopic analysis. The 
chronology was established from 

14
C (AMS 

measurements) derived from wood, plants and 

sapropelic muds. We calibrated the ages with Oxcal 
Program v4.1. The ages found represent the 
Holocene and part of the late Pleistocene. 
 
Results 

The analyzed sections are composed of fine grained 
terrigenous material (clay-silty) intercalated with silty-
sandy laminated intervals, turbidites sequences and 
liquefaction features as ball and pillow. The upper 
marine part is predominantly compose by the clay-
silty slightly calcareous and in less percentage by the 
silty-sandy laminated intervals, theses intervals 
consist of milimetric’s lenticular and parallel planar 
beddings. 
 
In the lower non marine part the fine grained 
terrigenous material is abundant but we find 
numerous turbidites sequences with thicknesses 
ranging from centimeters to decimeters. This 
turbidites can show erosive bases, normal gradation 
and ripples, others can show an abrupt contact 
separating the coarse grain basal part (bed load) of 
the fine grain upper part (suspended load)(Fig.2), this 
later are defined as “homogenites”. In this non 
marine section we can also find in less proportion the 
slumps and the levels with deformation structures 
(possible seismites). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Textural and compositional characterization of three homogenites present in the non marine section (core MD01-2425). The 
mean size, magnetic susceptibility and lineation magnetic don’t show differences between the hemipelagic normal sedimentation 
and the homogeneous coseismic sedimentation. The foliation magnetic (AMS) is higher in the homogenites than the hemipelagic 
deposits, this high foliation contrast has to be explained by different arrays of phyllosilicates, associate a specific settling 
conditions related to water mass oscillation. 
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The Magnetic Susceptibility signature in the marine 
part is in general lower than the non marine part 
(average in the marine part is10x10

-5 
SI and 30x10

-5 

SI in the non marine part). In general this signature is 
strong in the silty-sandy laminated intervals and in 
the turbidites sequences. In the turbidites sequences 
this signature has a behavior similar to the one 
observed in the profiles of grain-size, being higher in 
the sand layers than the fine grain, and showing 
constants values in the homogenites. On the other 
hand, the foliation determined from the Anisotropy of 
Magnetic Susceptibility is much higher in the levels 
the fine grain size belonging to the homogenites 
(average of 1.12) than any other level of thin grain 
size (average 1.06) (Fig.2). As both types of levels 
(homogenites and hemipelagic deposits) have similar 
grain-sizes and not very different composition, this 
high foliation contrast has to be explained by different 
arrays of phyllosilicates, which, at their turn, cannot 
be explained by different compactions. Thus, we infer 
specific settling conditions related to water mass 
oscillation. 
 
In the study area others analyses are in processes 
such as the carbonates contents, clay minerals, 
analysis of terrigenous fraction (mineralogy), organic 
matter, etc.  
 
 
References  

 
Armijo, R., Meyer, B., Hubert, A., Barka, A. (1999). 

Westward propagation of the North Anatolian Fault into 
the northern Aegean: timing and kinematics. Geology 27 
(3), 267–270. 

Beck C., Mercier de Lepinay B., Schneider J.L., Cremer M., 
Cagatay N., Wendenbaum E., Boutareaud S., Menot G., 
Schmidt S., Weber O., Eris K., Armijo R., Meyer B., 
Pondard N., Gutscher M.A., Turon J.L., Labeyrie L., 
Cortijo E., Gallet Y., Bouquerel H., Gorur N., Gervais A., 
Castera M.H., Londeix L., de Resseguier A., Jaouen A. 
(2007) Late Quaternary co-seismic sedimentation in the 

Sea of Marmara's deep basins, Sedimentary Geology, 
199, 65-89. 

Calvo, J.P., Rodriguez-Pascua, M., Martin-Velazquez, S., 
Jimenez, S., De Vicente, G. (1998). Microdeformation of 
lacustrine laminate sequences from Late Miocene 
formations of SE Spain: an interpretation of loop bedding. 
Sedimentology 45, 279–292. 

Chapron, E., Beck, C., Pourchet, M., Deconinck, J.-F. 
(1999). 1822 AD earthquake-triggered homogenite in 
Lake Le Bourget (NW Alps). Terra Nova 11, 86–92. 

Flerit, F., Armijo, R., King, G.C.P., Meyer, B., Barka, E. 
(2003). Slip partitioning in the Sea of Marmara pull-apart 
determined from GPS velocity vectors. Geophysical 
Journal International 154, 1–7.  

Hancock, P.L., Barka, A.A. (1981). Opposed shear senses 
inferred from neotectonic mesofractures systems in the 
North Anatolian fault zone. J. Struct. Geol. 3, 383–392. 

Hempton, M.R., Dewey, J.F. (1983). Earthquake-induced 
deformational structures in young lacustrine sediments, 
East Anatolian Fault, southwest Turkey. Tectonophysics 
98, 7–14. 

McClusky, S., Bassalanian, S., Barka, A., Demir, C., 
Ergintav, S., Georgiev, I., Gurkan, O., Hamburger, M., 
Hurst, K., Hans-Gert, H.-G., Karstens, K., Kekelidze, G., 
King, R., Kotzev, V., Lenk, O., Mahmoud, S., Mishin, A., 
Nadariya, M., Ouzounis, A., Paradissis, D., Peter, Y., 
Prilepin, M., Relinger, R., Sanli, I., Seeger, H., Tealeb, A., 
Toksöz, M.N., Veis, G.(2000). Global positioning system 
constraints on plate kinematics and dynamics in the 
eastern Mediterranean and Caucasus. Journal of 
Geophysical Research 105, 5695–5719. 

Sengör, A.M.C., Tuysuz, O., Imren, C., Sakinc, M., 
Eyidogan, H., Gorur, N., Le Pichon, X., Claude Rangin, 
C. (2004). The North Anatolian Fault. A new look. Ann. 
Rev. Earth Planet. Sci. 33, 1-75. 

Stegmann, S., Strasser, M., Anselmetti, F.S., Kopf, A. 
(2007). Geotechnical in situ characterisation of 
subaquatic slopes: The role of pore pressure transients 
versus frictional strength in landslide initiation. 
Geophysical Research Letters, 34, L07607 

Strasser, M, Anselmetti, F.S., Fäh, D., Giardini, D., 
Schnellmann, M. (2006). Magnitudes and source areas of 
large prehistoric northern Alpine earthquakes revealed by 
slope failures in lakes. Geology, 34 (12) 

 

 



2nd INQUA-IGCP-567 International Workshop on Active Tectonics, Earthquake Geology, Archaeology and Engineering, Corinth, Greece (2011) 
 

                                      INQUA PALEOSEISMOLOGY  
            AND ACTIVE TECTONICS 

    
                          EARTHQUAKE  

ARCHAEOLOGY 
 
                                                                                                                   

26 

 

 
 

PALEOSEISMOLOGICAL EVIDENCE FOR HISTORICAL SURFACE RUPTURE EVENTS IN 
S. MIGUEL ISLAND (AZORES) 

 
 
 
 

Carmo, Rita (1), José Madeira (2), Ana Hipólito (1), Teresa Ferreira (1) 

 
(1)    Centro de Vulcanologia e Avaliação de Riscos Geológicos, Universidade dos Açores, Complexo Científico, 3º Piso – Ala Sul, 

Rua Mãe de Deus, 9500-321 Ponta Delgada, Açores, Portugal. Email: Rita.L.Carmo@azores.gov.pt 
(2)    Dpto. Geologia, LATTEX/IDL, Faculdade de Ciências da Universidade de Lisboa, Edifício C6, Campo Grande, 1749-016 

Lisboa, Portugal. Email: jmadeira@fc.ul.pt 
 
 
 

Abstract (Paleoseismological evidence for historical surface rupture events in S. Miguel Island (Azores)): 
The Azores archipelago is located in the triple junction between the Eurasian, Nubian and North American 
lithospheric plates. The Achada das Furnas plateau, located in the central part of S. Miguel Island, between Fogo 
and Furnas volcanoes, is dominated by several basaltic cinder cones that define several WNW-ESE and E-W 
alignments. Two E-W trending scarps were identified by aerial photo analysis. Trenches were open across the 
scarps to confirm their tectonic nature exposing two active normal faults (the Altiprado Faults). At least four 
paleoearthquakes were deduced, three of which in historical times. Radiocarbon ages are in agreement with this 
interpretation. 

 
 
Key words: Azores, active faults, paleoseismology 

 
 
GEOLOGICAL SETTING 

 
The Azores archipelago is located at the Eurasia 
(Eu), Nubia (Nu) and North America (NA) triple 
junction (Fig. 1). The Mid Atlantic Ridge separates 
the NA from Eu and Nu plates, while the Azores-
Gibraltar Fault Zone (Terceira Rift and Gloria Fault) is 
the boundary between Eu and Nu plates. The 
archipelago comprises nine islands distributed by 
three groups: the western islands lie on NA plate 
while the central and eastern groups are located 
along the western segment of the Azores-Gibraltar 
Fault Zone (Fig. 1). As a result of its complex tectonic 
setting, the Azores archipelago is subject to frequent 
seismic and volcanic activity. 

S. Miguel Island was settled in 1439-1443. It has 
three active explosive central volcanoes with summit 
calderas linked by zones of fissural volcanism. The 
main tectonic structures trend NW-SE to WNW-ESE, 
NNW-SSE and NE-SW. 
 
The Achada das Furnas plateau, located in the 
central area of the island, between Fogo and Furnas 
volcanoes, is dominated by several basaltic cinder 
cones defining WNW-ESE and E-W alignments (Fig. 
2). Aerial photo analysis identified the presence of 

two E-W trending scarps produced by the Altiprado 
Faults (AF1 and AF2, Fig. 2). 
 

 
Fig. 1: Azores tectonic setting. NA – North American 
plate; Eu – Eurasian plate; Nu – Nubian plate; MAR – 
Mid Atlantic Ridge; TR – Terceira Rift (s.l.); EAFZ – 
East Azores Fracture Zone; GF – Gloria Fault. World 

topography and bathymetry from ESRI (2008). 

 
Fig. 2: Main tectonic and volcanic structures of 
Achada das Furnas plateau. 
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THE ALTIPRADO FAULTS 
 
Altiprado Fault 1 
The Altiprado Fault 1 (AF1) trace is marked by an 
835 m-long, 3 m-high, south-facing scarp, trending 
N87ºE (Fig. 3). To the east and to the west its trace 

becomes uncertain. 
 
A ~18 m-long trench exposed the fault, trending 
N87ºE and dipping 65ºS, displacing a stratigraphic 
succession that comprises 6 pumice fall deposits 
(units) separated by paleosols produced by eruptions 
of Fogo and Furnas volcanoes (Fig. 4): 1 - olive-
brown paleosol containing basalt lapilli fragments, 
corresponding to Fogo A deposit (4520±90 years BP; 
Wallenstein, 1999); 2 – pumice fall deposit composed 
of alternating yellowish lapilli and light olive brown 
ash beds, probably related to Fogo C deposit; 3 - 
strong brown pumice ash fall deposit with some lapilli 
at the base (3a), and a yellowish pumice fall deposit 
in the central part (3b); probably Fogo D deposit; 4 - 
grey pumice ash deposit, corresponding to Furnas C 
deposit (1900 years BP; Guest et al., 1994), topped 
by a very dark grey soil (1440-1500 cal AD); 5 - 
stratified pumice fall deposit of alternating beds of 
fine to medium greyish white lapilli and ash 
containing sanidine crystals (from 1563 AD historical 
eruption in Fogo volcano), topped by a very dark grey 

paleosol rich in coal fragments (1660-1700 cal AD); 6 
- remobilised deposit from the underlying unit. 
 
The AF1 affects all stratigraphic units and the 
existing scarp is an uneroded free-face almost devoid 
of soil that corresponds to the projection of the fault 
to the surface (Fig. 4). Several WNW-ESE to E-W 
trending fractures and open cracks, sometimes filled 
with material from overlying units, and a colluvium 
composed of material of units 3 and 4 were also 
exposed in the trench (Fig. 4). 
 
Units 2 to 4 (soil 1440-1500 cal AD) are displaced by 
1.0m and units 5 (soil 1660-1700 cal AD) and 6 by 
0.38m, indicating two surface rupturing 
paleoearthquakes of Mw 6.7 and 6.4 (using the Wells 
& Coppersmith’s, 1994, M/MD correlation), 
respectively, accounting for an accumulated dip-slip 
of 1.38m. 
 
Two earthquakes in 571-511 years indicate a 
recurrence interval that ranges from 286 to 256 
years, yielding a slip rate of 2-3 mm/year. 
 
Altiprado Fault 2 
The Altiprado Fault 2 trace is marked by an almost 
imperceptible 1690 m-long and ~40 cm-high south 
facing scarp, trending N87ºE (Fig. 3). To the east its 
location becomes uncertain. 

 
Fig. 4: Map of the east wall of the Altiprado Fault 1 trench. 

 
Fig. 3: Vertical aerial photograph of Altiprado region, Achada das Furnas plateau, showing the geomorphic expression of 
Altiprado Faults (Aerial photo from Direcção Geral de Planeamento Urbanístico, 1974). 
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A 29 m-long trench exposed two subvertical faults 
(AF2-1 and AF2-2) that display frequent changes in 
dip sense (N75-89ºE, generally dipping 62-88ºS) and 
an E-W trending paleo-channel (filled with unit 6) 
(Fig. 5). The exposed stratigraphic sequence is the 
same observed in AF1 trench, with exception of unit 
1 that is absent (Fig. 5). There are also open 
fractures trending ENE-WSW to E-W, sometimes 
filled with material from overlying units, and a 
colluvium, containing material of unit 3, deposited 
against the AF2-1 fault (Fig. 5). 
 
The faults produced differential vertical separations 
on units 2 and 3 (younger than ~4500 years BP), and 
on units 4 (~1900 years BP; soil 1440-1500 cal AD) 
and 5 (1563 AD): AF2-1 - accumulated dip-slip of 
33cm (26+7cm); AF2-2 - accumulated dip-slip of 
15cm (11+4cm). Assuming that the ruptures in AF2-1 
and AF2-2 were produced by the same earthquakes, 
displacement values of 0.37m (0.26+0.11cm) and 
0.11m (0.07+0.04cm), correspond to earthquakes of 
Mw of 6.4 and 6.0, respectively (using the Wells & 
Coppersmith’s, 1994, M/MD correlation). The 
accumulated displacement is 0.48m (0.37m+0.11m). 
 
The existence of an E-W trending paleo-channel 
suggest that it may have been developed at the base 
of a previous fault scarp, once the regional drainage 
system in this area is oriented N-S. 
 
Altiprado Faults evolution 

The Altiprado Faults evolution was deduced from 
geometric analysis of the trenches. As they are 
geographically close and affect the same 
stratigraphic succession, this allows correlating their 
evolution (Fig. 6): 
a) Deposition of units 1 (4520±90 years BP) to 3; 
b) Surface rupture at AF2-1 and AF2-2 with normal 
separations of 26cm and 11cm, respectively (Mw 6.4 

earthquake); 
c) Erosion truncating unit 3, with the formation of 
gullies in AF1 fault zone, and fault scarp retreat at 
AF2-1 with the formation of a colluvial wedge (C) with 
material from unit 3; 
d) Deposition of unit 4 (~1900 years BP) and soil 
development (1440-1500 cal AD); 
e) Surface rupture (Mw 6.7) at AF1 with normal 
separation of 1.0m; 
f) Erosion with minor fault scarp retreat with formation 
of a colluvial wedge (C) in AF1; 
g) Deposition of unit 5 (1563 AD – Fogo Volcano 
historical eruption) with sin-eruptive ruptures (Mw 
6.0?) in AF2-1 and AF2-2, without geomorphic 
expression, of 7cm and 4cm, respectively; 
h) Erosion truncating the top of unit 5 and formation 
of a new paleo-channel in AF2 fault zone; 
development of a soil (1660-1700 cal AD); 
i) Erosion truncating unit 5 and deposition of unit 6; 
j) Surface rupture (Mw 6.4) at AF1 with normal 
separation of 0.38m; 
k) Erosion truncating units 5 and 6; development of 
present top soil. 
 
DISCUSSION 

 
Analysing the geological history, the first surface 
rupture earthquake is associated to AF2, originating 
an accumulated dip-slip of 37cm in AF2-1 and AF2-2. 
It occurred in pre-historical times, after the deposition 
of unit 3 (Fogo D deposit, <4500 years BP) and 
before 1900 years BP (unit 4 - Furnas C deposit). 
 
The second surface rupture event occurred in AF1, 
after the development of unit 4 paleosol (1440-1500 
cal AD) and before the deposition of unit 5 (1563 AD 
- historical eruption), with normal separation of 1.0m. 
Since the settlement of S. Miguel Island began in 
1439-1440 AD and taking into account the historical 

 
Fig. 5: Map of the west wall of the Altiprado Fault 2 trench. 

 
Fig. 6: Sequence of tectonic, depositional and erosional events leading to present day geometry exposed in Altiprado Faults 

1 and 2 trenches. 
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earthquakes in the island and the youthful aspect of 
the scarp, this event is probably related to October 
22

nd
, 1522 historical earthquake. This was one of the 

most destructive events that occurred in Azores, 
causing 5000 deaths. The epicentre was located 
inland, a few km southwards from AF1 (Fig. 7) and 

triggered several landslides and severe damage, 
mainly in the central eastern part of the island. 

The third rupture is associated with AF2. As it is not 
clear if the last displacement (11cm in AF2-1 and 
AF2-2) is affecting only the lower part of unit 5 (1563 
AD) or affects the entire unit, this could be associated 
with the intense seismic activity that accompanied 
the 1563 historical eruption of Fogo volcano. The 
earthquakes were felt in a wide region and caused 
severe damage in Ribeira Grande and Ribeira Seca 
villages. Otherwise it could have occurred after this 
volcanic event. 
 
The fourth earthquake is related with AF1 and 
occurred after the deposition of unit 6 (>1660-1700 
cal AD) with normal separation of 0.38m. 
 
If the last three earthquakes occurred in historical 
period, the recurrence interval for Altiprado Faults 
zone is 163 years. 
 
There is no evidence of a high magnitude earthquake 
(Mw 6.4) with inland epicentre in historical records, 
as well in the instrumental seismicity data that could 
justify the most recent displacement. However, there 
is a long time record of seismic swarms in this area, 
with earthquakes of low to moderate magnitude (e.g. 
1967, 1989 and 2005). 
 
The most recent seismic swarm started on May 10

th
, 

2005 and continued till the end of that year, 
registering more than 46000 earthquakes (Fig. 8). 
The strongest events occurred on September 20

th
 

and 21
th
 and had ML 4.1 and 4.3, respectively, 

causing several landslides and ground cracking. 
 
GPS monitoring data allowed Trota (2008) to verify 
that there was also ground deformation associated 
with the seismic activity. Considering the seismicity 
pattern, the low seismic energy released and the 
GPS data, this activity has been related to a 
magmatic intrusion. The previous seismic swarms 
were not geodetic monitored and the seismic network 
was limited, so there are no evidences of previous 

episodes of crustal deformation and the seismic 
parameters may have significant errors associated. 
Nevertheless, one possibility is that the 0.38m 
displacement observed in AF1 trench could be an 
accumulated value as a consequence of several 
moderate earthquakes during the periods of seismic 
activity increments in this area that might have been 
associated with crustal deformation. 
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Fig. 7: Isoseismal map for October 22

nd
, 1522 

earthquake (Silveira et al., 2003). 

 
Fig. 8: Epicentre distribution of 2005 seismic swarm 
(May 10

th
 to December; data from CVARG/CIVISA, 

2005). 
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Abstract (Fault tectonics regarding the neotectonic period and influence of tectonic structures on glacial process in 
areas of thick Quaternary cover): Through the Quaternary period Lithuania has been covered by continental ice sheets 
originated in Fennoscandia which corresponds to all glaciations known so far in the Eastern Europe, this causing very complicated 
structure of the Quaternary cover. This paper discusses the coincidence of outlines of main morphological features with regional 
tectonic structures and also whether tectonic processes influence on Quaternary development. To understand the tectonic 
processes influence on Quaternary sediments, neotectonic structures and movements were estimated on the basis of studies of 
the sub-Quaternary relief, Quaternary succession, modern relief and drainage system. A comparison of sub-Quaternary relief and 
present surface with tectonic structure and neotectonic activity of studied territories has revealed a frequent coincidence of linear 
and areal geological and geomorphological objects.  
 
Key words: Quaternary, (neo)tectonics, Baltic, palaeoinsicions 

 
 
INTRODUCTION 

 
The territory of Lithuania and adjacent areas in the 
Baltic Sea Region, located in the south-western 
margin of the East European Craton, could be 
considered as a region of low seismic activity due to 
the Early Precambrian crust and distant location to 
the active tectonic regions. Nevertheless, more than 
40 seismic events (historical and instrumental) with a 
M≤4.5 and intensities up to VI-VII (MSK-64 scale) 
were reported in the Baltic countries and adjacent 
territories since year 1616 (Pačėsa, 2007), and two 
strong earthquakes that took place in the Kaliningrad 
region on 21 September 2004, the magnitudes being 
4.4 and 5.0. Recent seismic activity of Baltic Sea 
Region often related to glacio-isostatic rebound of the 
Fennoscandian Shield, but also could be triggered by 
plate-scale North Atlantic ridge-push forces (Pascal 
et al., 2010). The territory of Lithuania is one of 
classical regions with Quaternary cover formed 
during continental glaciations. The average thickness 
of Quaternary cover in Lithuania is approximately 130 
m and varies from 10-30 m in the northern part of 
country – the area of prevailing glacial erosion – up 
to 200-300 m in marginal highlands and the buried 
valleys or palaeoincisions. The processes of 
accumulation, erosion during the glaciations and ice-
free periods, developed under the influence of 
neotectonic movements, have created the wide 
variety of Quaternary sediments and landforms. 
These processes made great impact creating the 
present shape of the sub-Quaternary surface and 
modified tectonic structures. Structural units of the 
landscape generated by a combination of tectonic 
activity and climate (morphostructures) often coincide 
with deep pre-Quaternary structures (Šliaupa, 1998) 
The coincidence of the faults defined by geophysical 

and well data to morphotectonic lineaments was 
considered as strong evidence, determining its 
“activity” during the glacial and post-glacial times 
(Šliaupa, 2003). To understand the tectonic 
processes influence on Quaternary sediments, 
neotectonic structures and movements were 
estimated on the basis of studies of the sub-
Quaternary relief, Quaternary succession, modern 
relief and drainage system. This paper presents 
discussions on the possibilities to detect 
(neo)tectonic characteristics in the regions with 
Quaternary cover formed during continental 
glaciations and assumptions for the morphotectonic 
evidence. 
 
Geological setting 

Lithuania is situated within the Baltic sedimentary 
basin. The sedimentary succession of Lithuania is 
subdivided into four major structural-sedimentary 
complexes: Baikalian, Caledonian, Hercynian and 
Alpine and consists of Upper Vendian to Quaternary 
sedimentary rocks resting on an Early Proterozoic 
crystalline basement. The thickness of the 
sedimentary cover ranges from 0.2 km in the East to 
2.3 km in west Lithuania. All of the complexes are 
separated by unconformities within the sedimentary 
succession that represents periods of non-deposition 
and erosion. A set of faults are recognized in the 
sedimentary cover that are most distinct in the 
Caledonian complex. The displacements of some 
reverse faults exceed 200 m in western Lithuania 
(e.g. Telšiai fault). The oldest traces of the tectonic 
activity are recorded in the sub-Jotnian rocks that 
were preserved in a small area in west Lithuania. A 
limited extensional faulting took place in Vendian and 
Cambrian times, as it was identified in seismic 
profiles in western and central Lithuania. This 

mailto:jolanta.cyziene@usal.es


2nd INQUA-IGCP-567 International Workshop on Active Tectonics, Earthquake Geology, Archaeology and Engineering, Corinth, Greece (2011) 
 

                                      INQUA PALEOSEISMOLOGY  
            AND ACTIVE TECTONICS 

    
                          EARTHQUAKE  

ARCHAEOLOGY 
 
                                                                                                                   

31 

extensional event(s) is related to the initial stages of 
establishment of the passive margin due to breaking 
apart of the Rodinian supercontinent. In western 
Lithuania these basement blocks were draped by 
Cambrian rocks, and they are overlain by Vendian 
deposits in the eastern Lithuania. It was rather quiet 
during Ordovician and Silurian times, no structuring 
was documented except some gentle flexuring. The 
tectonic forces drastically increased in latest Silurian 
– earliest Devonian times relating to far-field stress 
transmission generated by Scandian orogeny in 
Scandinavian Caledonides. The dense family of 
compressional and transpersional faults was 
established in western Lithuania, while faulting was 
only scarce in the eastern half of Lithuania that is 
accounted to stronger lithosphere and longer 
distance the stress source. The W-E and WSW-ENE 
oriented faults show transpressional geometries, 
whereas the NE-SW striking faults are compressional 
features (Šliaupa et al., 2002). The morphology of 
faults is rather variable, ranging from single-plain 
fault to complex flower structure and terraced fault 
sets. The faulting associated to formation of local 
uplifts along the hanging walls of the faults. The 
Telšiai reverse fault, formed in transpressional 
regime, is the largest tectonic feature in the 
sedimentary cover of Lithuania. This fault trends W-E 
for a few hundred kilometres, it shows variable 
geometry along the strike that associate with 
changing abundance and scale of local uplifts. Faults 
are rather rare in the younger structural complexes 
where flexures are most common features of tectonic 
displacement. Structural-sedimentary complexes 
differ by their geological composition and 
independently by the structural pattern. Especially 
high variety of genesis and lithological composition of 
the Quaternary deposits is reflected in drastic 
changes both in vertical and lateral distribution of 
Quaternary sediments. Surface formations and 
geomorphological features in a large part of 
Lithuanian territory were formed during the Late 
Nemunas (Late Weichselian) Glaciation. 
 
Assumption for the morphotectonic evidence 

The studies focusing on mutual relationships 
between glacial landforms and tectonic structures in 
areas glaciated in the Pleistocene usually take into 
account two aspects. The first one concerns the 
influence exerted by pre-glacial tectonic structures on 
the behaviour of the ice-sheet, controlling thereby 
same glacial landforms. One of the issues under 
consideration is the influence of fault zones 
reactivated by ice-sheet load upon location and 
course of subglacial tunnels. The second aspect is 
related to post-glacial neotectonic movements, the 
most prominent manifestations of which are 
tectonically-controlled erosional scarps, either 
undermining or displacing glacial landforms. 
Essential question concerns coincidence of outlines 
of main morphological features with regional tectonic 
structures and also whether tectonic processes 
influence on Quaternary development, and in which 
way. 
 
Neotectonic movements of the Earth’s crust are 
reflected by deformation processes often 

accompanied by tectonic activity. Number of 
publications reported that the last deglaciation of 
northern Fennoscandia was accompanied by a high 
seismic activity. The earthquakes triggered landslides 
in glacial till, seismically-induced soft sediment 
deformation structures, “seismites”, are common in 
trench exposures in the vicinity of the faults in 
northern Sweden. Deformation of sandy-silty 
sediments, potentially caused by earthquakes, have 
also been encountered in central and southern 
Sweden (e.g., Mörner, 2004), but are less common 
than in the north. The deglaciation history in 
Lithuania is longer, but there is so far not recorded 
and no published evidence of paleoseismic events. It 
must be pointed out that the late- to postglacial fault 
scarps identified in northern Sweden are all 
developed in the Precambrian crystalline basement, 
and mainly in rocks of Proterozoic age. 
Morphologically prominent faults occur also in the 
Caledonian bedrock in the mountain range, but so far 
no recent fault movements along any of these 
features have been indicated (Lagerback & Sundh, 
2008). The geological setting of Lithuania is very 
different compared to Sweden. The study area is 
covered entirely by Quaternary sediments of glacial 
origin (average thickness of sediments is 130 m). 
Two major types of faults prevail in Lithuania, i.e. the 
oldest, defined only in the Precambrian crystalline 
basement and do not dissecting the sedimentary 
cover and younger that penetrate into the sediments 
overlying the crystalline basement. In comparison to 
Sweden, no faults so far have been detected in 
Quaternary succession. Fault tectonics regarding the 
neotectonic period in Lithuania, as well as in all Baltic 
region, is rather subtle problem. It is difficult to 
determine the influence of tectonic structures on 
glacial process in the Pleistocene and testing its 
influence on the process of the mass movements in 
glaciotectonic and neotectonic young-alpine 
structures. Tectonic deformations of the sub-
Quaternary relief during Neogene-Quaternary or 
Quaternary period, i.e. a part of a tectonic and 
denudation factors imprinting the sub-Quaternary 
surface, are the key problem. Numerous evidences 
reported from the Baltic Region indicate that steps, 
elevations and depressions of the sub-Quaternary 
surface are partly of tectonic nature (Šliaupa & 
Popov, 1998).  
 
Large-scale landforms and neotectonic movements 
were investigated in close connection to structural 
features of the pre-Quaternary and Quaternary 
deposits. Those movements were predetermined at 
large by ancient pre-Quaternary tectonic structures 
showing inherited trends of movements. In Lithuania 
the commonly used term “neotectonic fault zone” 
concerns, in fact, mostly a system of linear elements 
defined by remote sensing, morphometric, and 
geomorphological-structural investigations. The 
influence of linear tectonic zones is shown in a sharp 
change of the composition and structure of the 
Quaternary cover. Based on available data of 
geological mapping at scale 1:50 000 (coverage c.a. 
48 % of the country), especially from the areas with 
dense network of boreholes, several factors having 
morphotectonic implications must be pointed out:  
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- block structures of Quaternary cover; 
- palaeoincisions of pre-Quaternary surface and 

inside of Quaternary cover; 
- linear structures of present topography; 
- river valleys (tunnel valleys); 
- ravines; 
- palaeolacustrine basins and zones of distortions; 
- glaciodislocations, rafts of pre-Quaternary rocks; 
- intrusions of mineralised water and springs 

(Čyţienė & Satkūnas, 2008). 
 
Discussion 
A particular role belongs to deep palaeoincisions of 
sub-Quaternary surface and tunnel valleys of present 
topography. The palaeoincisions are distinct feature 
of pre-Quaternary surface and particularly are proper 
for the Baltic Highland reaching even 280 m in depth. 
Network of especially deep palaeoincisions is 
determined in the Molėtai Lakeland (north of Vilnius). 
Genetically palaeoincisions of pre-Quaternary 
surface are analogous to the tunnel valleys, which 
were formed during subglacial erosion by meltwater 
under the glaciodynamic pressure. In the cases of 
clear correspondence of palaeoincisions with tunnel 
valleys, their morphotectonic implication could be 
concluded (Čyţienė & Satkūnas, 2008). However, 
reliable determination of spatial form and presence of 
network of palaeoincisions requires very dense 
network of boreholes and is dependent on ways of 
interpretation and interpolation of topography of pre-
Quaternary surface (e.g. Šliaupa et al., 1999). 
Therefore, different patterns of forms and networks of 
palaeoincisions are presented by different 
researchers.  
 

The problem of the genesis of palaeoincisions of sub-
Quaternary surface in Lithuania is of great practical 
importance. The genesis of these particular forms is 
discussed taking into account all factors that could 
influence the formation of palaeoincisions in the 
environment of continental glaciations. Analysis of 
palaeohydrography during the interglacial periods 
shows that basis of erosion could not be the reason 
for incision of river valley 100-120 m below the 
present sea level. The basis of fluvial erosion at the 
end of the Neogene-beginning of the Quaternary 
most probably was not lower than 50-60 m above the 
present sea level and this could not affect incision or 
river valleys deeper than +50 m (Satkūnas, 2000). 
Bottom of deepest palaeoincisions of Vilnius environs 
occur at an altitude of 10-56 m below the present sea 
level. According to the age of tills, occurring in 
vicinities of the studied palaeoincisions, these forms 
have been formed during the Dainava (Elsterian) and 
Ţemaitija (Saalian) glaciations. The lithology and 
rhythmic structure of the material filling the 
palaeoincisions show that they have been formed as 
a consequence of subglacial erosion under glacial 
pressure. Morphological similarity of palaeoincisions 
and ravines of present topography indicated the 
same origin of both these forms. The ravine Tapeliai 
(10 km north-east of Vilnius) was studied, using 
special borehole data. Sand and gravel (total 
thickness 44 m) filling the ravine has a rhythmic 
structure characteristic of the palaeoincisions of sub-
Quaternary surface. This property also shows the 

general similarity of ravines of present topography 
and palaeoincisions (Satkūnas, 2008). 
 
Tunnel valleys of present topography are revealed on 
the geomorphological map (Guobytė, 2000) and their 
good correspondence with photo-lineaments are 
concluded (Guobytė, 1995). Besides that, the tunnel 
valleys in most cases are interpreted as 
neotectonically active linear zones (Šliaupa, 2005). 
The coincidence of palaeoincisions and the tunnel 
valleys in many cases still has to be confirmed by 
boreholes, which are generally absent in the tunnel 
valleys. Therefore, due to lack to the direct data the 
palaeoincisions in places seems hardly correlating 
with tunnel valleys (Čyţienė & Satkūnas, 2008). On 
the other hand, it still remains underestimated 
presence of paleoincisions that do not reach the 
surface of pre-Quaternary rocks. 
 
A comparison of sub-Quaternary relief and present 
surface with tectonic structure and neotectonic 
activity of territories has revealed a frequent 
coincidence of linear and areal geological and 
geomorphological objects. 
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