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This study analyzes the active tectonics within the northwestern and southeastern extensions of the
Pambak-Sevan-Syunik fault (PSSF), a major right-lateral strike-slip fault cutting through Armenia.
Quantifying the deformations in terms of geometry, kinematics, slip rates and earthquake activity, using
cosmogenic He, OSL/IRSL and radiocarbon dating techniques, reveal different behaviors between the
two regions. Within the northwestern extension, in the region of Amasia, the PSSF bends to the west and
splits into two main WNW—ESE trending reverse faults defining a compressional pop-up structure. We
estimate an uplift rate and a shortening rate of 0.5 + 0.1 mm/y and 1.4 + 0.6 mm/y, respectively. This
suggests that most of the ~2 mm/y right lateral movement of the PSSF seems to be absorbed within the
Amasia pop-structure. Within the southeastern extension, the PSSF shows signs of dying out within the
Tsghuk Volcano region at the southernmost tip of the Syunik graben. There, the tectonic activity is
characterized by a very slow NS trending normal faulting associated with a slight right-lateral movement.
Slip rates analyses (i.e. vertical slip rate, EW stretching rate at 90° to the fault, and right-lateral slip rate of
~0.2 mm/y, ~0.1 mm/y and ~0.05 mm/y, respectively) lead to the conclusion that the right lateral
movement observed further north along the PSSF is mainly transferred within other active faults further
west within the Karabagh (Hagari fault or other structures further northwestwards). Comparing our slip
rates with those estimated from GPS data suggests that most of the deformation is localized and seismic,
at least within the Tsghuk region. The geometrical and kinematic pattern observed within the two
terminations of the PSSF suggests that the fault and its surrounding crustal blocks are presently rotating
anticlockwise, as also observed within the GPS velocity field. This is consistent with the recent kinematic
models proposed for the Caucasus-Kura-South Caspian region and brings a new insight into the present
geodynamics of Armenia.

© 2015 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

earthquakes that they generated. These characteristics (i.e. location,
geometry, kinematics, slip rate, age, and magnitude of earthquakes)

Tectonic geomorphology and paleoseismology aim to highlight provide detailed assessments of the seismic hazards of the studied
and characterize the behavior of active faults and the successive regions and a refined understanding of their kinematics and
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geodynamics. The Pambak-Sevan-Syunik fault (PSSF) is one of the
major active structures of the Lesser Caucasus, and influences
the entire geomorphology of Armenia (Philip et al., 2001). This

E-mail address: ritz@gm.univ-montp2.fr (J.-F. Ritz). outstanding feature is described as a ~500 km long fault, and would
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have been associated with many large earthquakes (Fig. 1). How-
ever, because previous morphotectonics and paleoseismological
studies have characterized only the tectonic activity along the main
segments of the fault, the activity within its northwestern and
southeastern extensions remains poorly known.

In this paper, we present the results of a morphotectonic and
paleoseismological study carried out at the NW and SE extensions
of the PSSF, in the Amasia and Tsghuk regions of Armenia. This
study analyzes how the right-lateral strike-slip deformation
observed along the PSSF is transferred along its two terminations.
This work synthetizes and completes the results presented by Ritz
et al. (2013) and Mkrtchyan et al. (2014), and provides new insights
into the present geodynamics of Armenia.

2. Tectonic setting

Armenia is located in the Lesser Caucasus, a region characterized
by high volcanic plateaus situated in the middle of the collisional
zone between the Arabian and Eurasian plates (Karapetyan et al.,
2001; Philip et al., 2001) (Fig. 1a). Locked between the great Cau-
casus mountain range to the north, the Black Sea to the west, the
South-Caspian Basin to the east, and the Arabian promontory to the
south, Armenia and its surrounding territories have undergone

intense continental deformations since the end of Oligocene and
Miocene (e.g. Dewey et al., 1986; Avagyan et al., 2005; Sosson et al.,
2010).

After the main Oligo-Miocene Arabia-Eurasia collisional period,
within a general N—S compressional regime, the Armenian terri-
tory recorded differing spatial and temporal stress field variations
(e.g. Avagyan et al., 2010). Fault slip data analyses (e.g. Ritz and
Taboada, 1993) in Quaternary formations allowed determining a
general strike-slip stress regime with the principal stress axe o1
striking NS to NNE-SSW (Avagyan et al., 2010). Recent and active
deformations are mainly characterized by strike-slip tectonics,
associated locally with transpressional or transtensional compo-
nents and can be described by four major coeval fault types:
NW-SE trending dextral strike—slip faults; NE—SW trending
sinistral strike—slip faults; E-W trending thrust faults, and N—S
trending normal faults (Philip et al., 1989; Karakhanian and
Balasanian, 1992; Karakhanian et al., 2004; Avagyan et al., 2005,
2010). The most important fault, the Pambak-Sevan-Syunik fault
(PSSF) (Fig. 1a) corresponds to a 500 km NW-SE right-lateral
strike-slip fault along which the present horizontal slip rate var-
ies between 0.5 and 3 mm/y after geological studies (Avagyan,
2001; Philip et al., 2001), which is consistent with the 2 + 1 mm/y
estimated from GPS measurements (Karakhanian et al., 2013).

Fig. 1. a: Sketch map of the collision zone between northern Arabia and the Russian Platform (Eurasian Plate) (after Philip et al., 2001) 1: strike-slip faults, 2: reverse faults,
3: directions of block movements relative to the Eurasian Plate, 4: the main strong earthquake focal solutions, 5: moderate earthquakes. b: Map of active faults in Armenia with
instrumental, historical-archeo- (with date of main events in blue), and paleo-seismicity (“NorAtom” Consortium Report, 2011). Black frames correspond to the 2 studied areas.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Paleoseismological studies showed that the PSSF generated earth-
quakes up to magnitude Mw = 7.5 (Trifonov et al., 1994; Philip et al.,
2001; Karakhanian et al., 2004; Avagyan, 2009), and, in general,
these large earthquakes are separated by long recurrence intervals
(Avagyan, 2001; Philip et al., 2001; Davtyan, 2007).

During historical times, Armenia has been affected by many
destructive earthquakes (“NorAtom” Consortium Report, 2011). The
old capital city of Dvin was destroyed repeatedly and was devas-
tated in 893 A.D.; in 1036 A.D. the city of Ani was totally destroyed;
in 1139 A.D. an earthquake in South Caucasus, considered to be

the strongest historical earthquake, killed about 230,000 people
(Nikonov and Nikonova, 1986). Yerevan, the current capital of
Armenia, was twice destroyed by earthquakes in 1679 A.D. and
1840 A.D. Instrumental seismicity also shows strong seismic ac-
tivity in the Caucasus: Caldiran (1976, M = 7.1), Narman (1983,
M = 6.8), Spitak (1988, M = 7.0), Racha (1991, M = 7.0) and Van
(2011, M = 7.2). All these damaging earthquakes attest to the strong
active tectonics occurring in the region (Fig. 1).

Within the northernmost part of the PSSF, only moderate his-
torical earthquakes have been reported and their relations with

Fig. 2. a: Map of active faults within Amasia region (Arpi fault system): 1: inferred faults, 2: normal faults, 3: strike-slip faults, 4: reverse faults, 5: depressions. ANF (ANF1 and
ANF2): Amasia North Fault, ASF: Amasia South Fault, ACF: Amasia Central Fault, JSF: Jeltarechka-Sarighamish Fault, VS: Vanazor segment (PSSF). b: 3D diagram showing our
interpretation of the pop-up structure (black and white arrows point out the main fault scarps and the abandoned Hovtun River, respectively), c: Geological map of the Amasia
region, 6-recent sediments, 7-andesites and basaltic andesites, 8-doleritic basalts, 9-andesites, dacites and rhyodacites, 10-tuff-sandstones, marls and limestones, 11-diorites and
granodiorites, 12-marls, limestones and clays, 13 — conglomerates, sandstones, limestones and siltstone, 14 — ophiolites. d: Topographic profile (AB) across the Amasia Plateau

showing the vertical displacements along the bounding faults (see Fig. 2c for location).
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respect to active faulting remain unclear. Paleoseismological
investigation at the Gogaran site showed that Mw > 7.0 earth-
quakes occurred in the past (Avagyan, 2001; Philip et al., 2001)
(Fig. 1b). To the south, within the Syunik graben, in the Tskhuk
Volcano region, two important earthquakes are reported. One is
historical and occurred in 368 AD (Karakhanian et al., submitted for
publication) with a magnitude of 7.5 estimated from the horizontal
dislocation affecting the walls of structures, and using the Wells
and Coppersmith (1994) empirical relationships that link the
magnitude and the displacement observed along fault. Another
Mw > 7 early Holocene event was noted from a paleoseismic
investigation at the southernmost tip of the Syunik graben, within
the western flank of the Tsghuk volcanic edifice (Avagyan, 2001).

3. Analyzing the active tectonics at the NW and SE extensions
of the PSSF

3.1. Northwestern extension of the PSSF: the Amasia faults system

The fault system that corresponds to the northernmost exten-
sion of the PSSF is usually called the Arpi fault system, and repre-
sents the westward extension of the Vanadzor segment (VS)
(Fig. 2a). The name comes from Arpi Lake that is located at the
northwestern end of the fault system. Previously in the literature,
the Arpi fault system was sketched as a ~W-NW/E—SE fault system
with segments crossing each other (see Fig. 1b). However, details of
the geometry and kinematics of the faults remain poorly known. On
GoogleEarth satellite imagery, the morphology of the area clearly
shows an uplifted E-W trending plateau bounded by two main
topographic scarps (Fig. 3).

Using topographic maps, Digital Elevation Models (DEM), aerial
photos, and field investigations, we analyzed, in detail, the mor-
photectonics of the area. Our analysis suggests that the two topo-
graphic scarps are reverse faults controlling the uplift of the basaltic
plateau of Amasia. In the framework of the present study, we have
named these two scarps (previously the “Arpi fault system”) the
Amasia North fault (ANF) and the Amasia South fault (ASF). Another
morphotectonic feature is depicted clearly within the uplift of the
plateau: it is the dried and abandoned Hovtun Valley. It was carved

from a river that flowed southwards and appears now as a perched
dried slightly folded valley high above the present Akhuryan River
crossing the plateau from North to South (Figs. 2b, 3b and 3¢ and
3d). As illustrated in Fig. 2a, we also consider the Jeltarechka-
Sarighamish fault (JSF), situated east of the ANF and ASF, to be an
active fault given the left-lateral strike-slip displacements that
were observed within the drainage, and the evidences of re-
activation (surface cracks, aftershocks) that occurred during the
1988 Spitak earthquake (Karakhanian et al., 2004; Karakhanian
pers. com.).

The N109° trending ANF fault has a length of 18 + 2 km in its
documented part (ANF1) but could be 30 + 5 km long with pro-
longation up to Arpi Lake (ANF2) after previous field investigations
(Avagyan, 2001; Philip et al., 2001; Karakhanian et al., 2004). Using
a Digital Elevation Model (DEM) built from 1/25000 scale topo-
graphic maps, we estimate a mean difference in height of 82 + 10 m
across the ANF fault between the Amasia basaltic plateau and the
southern part of the Ashosk depression (Figs. 2d and 4a; note that
this ~82 m uplift are distributed between ANF1 (40 + 5 m) and
ANF2 (42 + 5 m)). We suggest that this value corresponds to a
minimum estimate of the vertical displacement, as the basaltic
plateau does not directly outcrop in the footwall of the ANF
Kharazyan (1968, 1970) proposed that the uplift along the fault was
early Pleistocene, consistent with the 2.5 + 0.2 Ma age obtained by
K—Ar dating of the basaltic plateau by Chernishev et al. (2002).

The ASF has a general N100°E trend. After our mapping, the fault
is at least 20 km long, but could have a total length of ~30 km,
similar to that of the ANF. The ASF shows a vertical displacement of
86.5 + 13.5 m between the top of the basaltic plateau and basalts
located at the northern part of the Amasia depression (Figs. 2d and
4c). Inside the Amasia block, we observed many secondary normal
faults and grabens that we interpreted as stretching processes at
the top of the pop-up structure (see Fig. 2a). Along the ANF, we
located an outcrop showing a south-dipping shear zone that we
interpreted as the overthrusting of Jurassic ophiolites over younger
altered rocks (Fig. 4b). This observation implies that the present
Quaternary activity is reactivating ancient structures.

Near the Akhuryan River, along the western bank, we observed,
in limestones situated below the basalts, a secondary fault plane

Fig. 3. Two different oblique Google Earth views showing the region of Amasia characterized by an uplifted E-W trending plateau bounded by two obvious topographic scarps
(yellow arrows point out ASF, ACF and ANF fault scarps). a: Westwards view. b: Eastwards view (note the abandoned Hovtun River crossing the plateau eastwards of the deep
incision associated to the Akhuryan River). c: Field picture showing the slight folding affecting the abandoned Hovtun River; d: Topographic profile along the folded Hovtun River
between ANF1 and ACF faults. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. a: Picture showing the fault scarp associated with the ANF1 northwards of the Amasia pop-up structure. b: Detailed view of the shear zone observed along the ANF1.
c: Northwards view showing the topographic scarp associated with the reverse faulting along the ASF. d: Same site seen from right bank of the Akhuryan River. e: Corresponding
geological cross-section: 1: Pleistocene lava flows, 2: Paleogene marlstones and limestones. Look directions of field photos are in Fig. 2a.

Fig. 5. a: Field picture showing the site sampled for “°Ar/>*°Ar dating, on top of the footwall of the ASF, along the western bank of the Akhuryan River (white arrows point out the
base of the ASF ~86 m height fault scarp). b: Result of the “°Ar/>°Ar analyses.
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striking NO80°E with right-lateral slickensides (Fig. 4d and e).
Within the Akhuryan River, we documented the emission of gas
bubbles at a location corresponding to the intersection of the ASF
fault (hidden below the slope colluvium) and the river.

3.1.1. Quantifying the tectonic activity within the Amasia pop-up
structure

To estimate the maximum age for the beginning of the tectonic
activity along the ANF and ASF structures, we used “°Ar/*°Ar to date

Table 1

the top basaltic layer within the footwall compartment (Fig. 5a).
The sample, collected on the right bank of the Akhuryan River
within a well preserved basaltic layer, yielded a combined plateau
age of 2.09 + 0.05 Ma corresponding to 99.1% of 3°Ar released
(Fig. 5b) and an inverse isochronal age (not shown) of
2.07 + 0.07 Ma (initial “°Ar/3Ar ratio at 296.2 + 2 indistinguishable
from atmospheric “°Ar/*°Ar). Two groundmass samples
(100—200 pm and 200—300 pm size fractions) were dated at
Géosciences Montpellier using an integrated laser incremental
heating technique described in Miinch et al. (2014). All single ages

Summary of plateau and isochron 4°Ar/3°Ar ages obtained from groundmass by laser step heating treatment (sample AM11-1, Geosciences Montpellier laboratory).

Plateau age %39Ar MSWD Inverse isochron “OAr[*6Ar MSWD
(+20, Ma) age (+20, Ma) intercept, +20
Fraction 200—300 microns 2.13 £ 0.06 100 0.29 2.12 +0.08 2958 + 1.7 0.31
Fraction 100—200 microns 2.02 +0.08 99.27 0.15 2.01 £ 0.12 2959 + 44 0.16
Combined 2.09 + 0.05 99.1 035 2.07 + 0.07 296.2 + 2 036
Table 2
3He cosmogenic data of samples collected in the basalts layers of the Hovtun Valley (Amassa region; 40.981714°N, 43.800955°E; analyses performed at CRGP Nancy).
Sample Elevation Mass “He 3He Surface Shielding Cosmogenic Paleomagnetic Corrected
(m) (mg) (10'2 at/g) (107 at/g) dip (°) correction 3He (107 at/g) correction 3He age (ka)
AM13-1 2030 106.7 43 +0.2 7.1+02 63 0.80 92+0.2 1.09 149 + 19
AM13-2 2031.38 26.5 364+ 1.3 7.0+0.2 63 0.80 9.1+03 1.09 146 + 19
AM13-3 2032.05 59.1 2.6 +0.1 51+0.1 63 0.80 6.6 +0.2 1.09 107 + 13
AM13-4 2032.82 54 1.06 + 0.04 119+ 03 63 0.80 154+ 04 1.09 249 + 31
AM13-5 2033.75 90.5 1.10 + 0.04 8.6 +0.2 10 1.00 89+0.2 1.09 144 + 18
AM13-6 2034.55 123 1.09 + 0.04 6.8 +0.2 35 0.96 73 +0.2 1.09 118 + 15
AM13-7 2035.40 70.7 1.05 + 0.04 6.2 +0.2 70 0.72 89+0.2 1.09 144 + 18

All samples are 250—500 micron pyroxenes that were fused in vacuo at about 1350 °C.

Cosmogenic He concentrations are corrected for a nucleogenic *He contribution of 1 x 10> at.g~! (see Table 7).
A sea level high latitude production rate of 122 + 15 at.g~'.a™! is used (Blard et al., 2013).

Spatial caling factors are computed using the Lal-Stone model (Stone, 2000).

Thickness correction is 4% for all samples. It assumes a rock density of 2.7 g cm~> and an attenuation length of 160 g cm 2.

Shielding correction is computed using the model of Dunne et al. (1999).

Paleomagnetic variations are accounted using the model of Nishiizumi et al. (1989) and the VDM database SINT 800 (Guyodo and Valet, 1999).

Fig. 6. a Cross-profile of the abandoned Hovtun river. b: Picture showing the basaltic riser sampled for cosmogenic *He dating (white dashed lines delineate basaltic layers).

c: Diagram showing the distribution of cosmogenic *He exposure ages.
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Fig. 7. a: Detailed mapping of the Green Creek site along the ANF fault (See Fig. 2 for location). 1-old alluvial fan (F1), 2- recent alluvial fan (F2), 3- inferred (dashed line) and
mapped (solid line) faults, 4- springs. b: Topographic profile AB across the fault scarp. c: Eastwards view of the fault scarp d: View of the soil section cleaned on top of F1 alluvial fan

in the hanging-wall of ANF and location of the IRSL sample ((AM12-OSL), see Table 6).

Fig. 8. Photo (a) and log (b) of the trench (western wall) opened across ANF at Green
Creek: 1a: soil unit; 1b: colluvium with clasts < 30 cm in diameter; 2: fissure filled
with fine unsorted material and clasts <5 cm in diameter; 3: coarse unsorted collu-
viums in a sandy-clayey matrix; 4: dark-bluish clay; 5: bedrock (details on calibrated
radiocarbon age are in Table 3).

Table 3

Radiocarbon analyses of samples collected in the trenches dug across the ANF fault
(Section 3.1.1.2) and the Tsghuk fault (Section 3.2.2). The analyses were performed at
Poznan Radiocarbon Laboratory.

Sample name Age'4C Cal. Age (20)

AM12-1 600 + 30 BP 1355 + 55 AD
AM12-2 190 + 30 BP 1730 + 80 AD
ARO00-16 5337 + 68 BP 6135 + 145 BP
SUT1-3 6145 + 30 BP 7060 + 100 BP

are concordant at the 2 level, and the final age of 2.09 + 0.05 Ma
corresponds to the plateau age yielded by the combination of all
steps from the duplicate analyses (Table 1).

3.1.1.1. Slip rates. In order to determine precisely the beginning
of the uplift and the vertical slip rates along the ASF and ANF
bounding reverse faults, we used the abandoned Hovtun Valley
feature. Topographic profiles were performed with a total station
across the valley and allowed estimating a mean incision of

Please cite this article in press as: Ritz, J.-F, et al,, Active tectonics within the NW and SE extensions of the Pambak-Sevan-Syunik fault:
Implications for the present geodynamics of Armenia, Quaternary International (2015), http://dx.doi.org/10.1016/j.quaint.2015.05.021




8 J.-E Ritz et al. / Quaternary International xxx (2015) 1-18

12.5 + 0.5 m of the Hovtun river inside the Amasia basaltic plateau.
To calculate the amount of vertical displacement that occurred
along the ASF and ANF reverse faults once the Hovtun Valley was
abandoned, we subtracted the amount of incision of the Hovtun
valley from the uplift measured along each fault. Along the ASF
fault, we calculated an uplift of 74 + 16 m (86.5 + 13.5 m uplift of
the plateau minus the 12.5 + 0.5 m incision of the Hovtun Valley).
Along the ANF fault, we calculated an uplift of 69.5 + 10.5 m
(82 + 10 m uplift of the plateau minus the 12.5 + 0.5 m incision of
the Hovtun Valley). The estimated uplift for ANF1 is 27.5 + 5.5 m
(40 + 5 m uplift minus the 12.5 + 0.5 m incision of the Hovtun
Valley).

To estimate the age of the abandonment of the Hovtun Valley,
we used in situ-produced cosmogenic >He (Kurz, 1986; Blard and
Pik, 2008). This method allows dating the river incision in the ba-
salts by measuring the in-situ-produced cosmogenic >He within the
risers. We chose a well-preserved riser where we collected seven
samples along a 6 m high profile, from the top to the bottom of the
incised stratified basalt layers (Table 2, Fig. 6). Cosmogenic He
analyses were performed at CRPG Nancy following the procedure
described in Appendix A. They divulge exposure ages between
109 + 14 ka and 248 + 31 ka with four samples between 145 + 18
and 150 + 19 ka (Fig. 6¢).

Samples AM13-1, 2, 5, 6, 7 are tightly clustered around 150 ka
and they all agree within 16 uncertainty. Sample AM13-4 clearly
seems to be an outlier. Its older age (248 + 31 ka) could be inter-
preted as the result of a paleo-exposure before the emplacement

of the above basaltic layer (e.g. Blard et al., 2006). However, this
interpretation is not supported by the absence of paleosol and the
fact that the 3He concentration in sample AM13-3 (which is only
80 cm below AM13-4) does not show any excess compared to the
other samples of the profile. The high concentration of AM13-4
could result from an analytical artifact. On the other hand, sam-
ples AM13—3 and AM13-6 have a younger ages (109 + 14 ka and
118 + 15 ka) than the average of the profile (150 ka), which can be
explained by post-abandonment erosional processes.

Then, considering that the other samples (AM13-1, 2, 5, 7)
represent the actual exposure age of the riser since the abandon-
ment of the valley, we calculate a mean exposure age of 146 + 9 ka.
This yields vertical slip rates of 0.51 + 0.14 mm/y along the ASF and
0.48 + 0.10 mm/y along the ANF (0.19 + 0.05 mm/y along ANF1 and
0.29 + 0.05 mm/y along ANF2). These results show that the 2 main
bounding faults have roughly the same slip rate, which is consistent
with the fact that the plateau's southwards slope is parallel with
the general slope in the area. To determine the beginning of the
uplift of the Amasia plateau, we assumed that the vertical slip rates
along both the ANF and ASF remained the same since the beginning
of the uplift, and considered that the ~12 m Hovtun Valley incision
inside the plateau was already the result of the uplift process.
Therefore, we estimate the starting age for the beginning of the
deformation at ~170 ka (146 ka + (12 m/0.5 mm/y)).

We also estimated the vertical slip rate along the ANF1 fault
scarp where morphotectonics features are well preserved. We
called this site Green Creek (see Fig. 2a for location). Fig. 7 shows

Fig. 9. a: Sketch map of the active faults and the most recent lava flows within the Syunik area (after Karakhanian et al., 1997; Armenia Geothermal Project, 2009) 1: active fault,
2: volcanoes, 3: lava flows. B: aerial photo of the Tsghuk Volcano, the white dashed line points out the main caldera (the volcano is also known for its famous petroglyphs

observed around the Oughtasar Lake in the southeastern part of the caldera).
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our interpretation of the morphology in terms of Quaternary sur-
face faulting. We observe a clear cumulative fault scarp at the
foothills of the relief that we interpreted as ANF1 fault. Another,
smoother scarp run parallel to the main scarp about 100 m further
north and would correspond to ANF2. The main fault scarp ruptures
young sediments. In the hanging-wall, within sites 1 and 2, we
found two quarries showing sub-horizontal, well stratified and
sorted, fine clastic material. We interpret the occurrence of these
fine detrital clastic formations as being derived from the erosion
of Cretaceous and Paleogene carbonates that are found in the
hanging-wall (Fig. 2c). Within site 1, these clastic sediments are
slightly folded, while at site 2, they show a set of northwards-
dipping normal faults that we interpreted as a classic gravita-
tional feature associated with a reverse fault (e.g. Avouac et al.,
1992; Bayasgalan et al., 1999; Walker et al., 2003). At site 2, a
sequence of coarse unsorted units covers the fine clastic deposits.
These units correspond to a large alluvial fan surface (F1) in which
is inset a younger surface F2 (Fig. 7a).

A topographic profile across the fault scarp (AB, Fig. 7a, b)
allowed determination of a cumulative vertical displacement of
9.1 + 0.6 m for the alluvial surface F1. The infrared stimulated
luminescence (IRSL) dating of a sandy unit (AM12-0SL2), inter-
stratified with coarse layers (eg Rizza et al., 2011), from the

hanging-wall (see Fig. 7d), yielded an age of 73.6 + 5.4 ka
(the analysis was carried out at the Earth Sciences Dept of
the University of Quebec in Montréal). This yields a vertical slip
rate of 0.12 + 0.01 mm/y. This is slightly lower than the rate
(~0.19 mm/y) determined along the ANF1 from the dating of the
abandonment of the Hovtun Valley. This suggests that the slip rate
along the ANF1 decreased in time, but we cannot conclude if the
slip rate decrease on the ANF fault system without quantifying
how much slip is taken along the second reverse fault (ANF2)
located further north.

3.1.1.2. Paleoseismology. In order to analyze the paleoseismological
records along ANF fault, we opened a trench across the main fault
scarp along ANF1 (Fig. 8, location in Fig. 7a, c¢). The trench exposed a
dark bluish clay unit (4) overlaid by a ~60 thick unsorted coarse
clastic unit (3) in contact with broken basaltic bedrock (unit 5) to
the south. Within the contact zone, a triangle-shaped fissure was
filled with unsorted and unstratified finer material containing few
clasts (unit 2). Capping the three units (5, 3 and 2), unit 1b is a fine-
grained colluvial unit with a sandy-clayed matrix and unit 1a is
the present soil. The correlation between the scarp observed in
the morphology and the stratigraphy observed in the trench
allows interpreting the contact between units 3 and 5 as a fault

Fig. 10. a: Field photo showing the two fault scarps (pointed out with yellow arrows), affecting the Gailahovit Valley. The black line corresponds to the topographic profile AB
shown in Fig. 11a b: Rock glacier affected by the fault. c: Relative probabilities of exposure ages of the samples (16 boulders) obtained from cosmogenic *He analysis. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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contact. Units 1b and 1a are clearly capping the underlying units as
post-event units, while the colluvial nature of unit 2 suggests that it
originated as material that fell down into the fissure at the time of
the surface rupture (eg Rizza et al., 2015). It therefore predates the
faulting associated with the most recent event. The radiocarbon
dating of two bulk samples collected in units 2 and 1b (Table 3),
bracket the most recent event on the ANF1 fault between
1300—1410 A.D. and 1650—1810 A. D. Given that it is unstratified
and unsorted, unit 3 may be interpreted as scarp-derived colluvium
associated with an earlier event, but further investigations are
needed to confirm this interpretation.

3.2. South-eastern extension of the PSSF: the Tsghuk fault system

The southeastern part of the PSSF is characterized by a trans-
tensional tectonic activity where normal faulting is interfering with
intense volcanic activity (Mkrtchyan et al., 1969; Trifonov 1983;
Karakhanian et al., 1989, 1997; Avagyan, 2001; Philip et al., 2001;
Karakhanian et al., 2002, 2004; Davtyan, 2007). The Syunik fault
system has been interpreted as a pull-a-part structure connecting
the Pambak-Sevan fault to the north with the Guiratagh fault (also
named Zanghezour fault) to the south (Karakhanian et al., 1997)
(Figs. 1 and 9a). In the southernmost part of the area, the Tsghuk

Fig. 11. a: Topographic profile AB showing the vertical displacement accumulated across the two fault scarps; b: longitudinal profiles at the top (red) and at the bottom (blue) of the
western fault scarp allowing estimating the cumulative horizontal displacement; c: soil pit dug on the footwall crest for dating the offset surface showing iso-depth string lines for
collecting amalgamated samples. d: Plot of the cosmogenic *He vs depth in the soil profile. Gravels and sand matrix samples have been averaged. Red line shows the modeled pure
spallogenic attenuation, using a measured soil density of 2.1 g cm~> and an attenuation length of 150 g cm~2. Green line shows the muonic contribution, using the parameters of
Braucher et al. (2011). Purple line is the composite (muonic and spallogenic attenuation). Best fit yields a surface cosmogenic *He concentration of 1.31 + 0.1 x 108 at.g. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 4
Cosmogenic >He data from the depth profile dug in the fluvio-glacial surface of the
Gailahovit valley (39.67733° N; 46.00014° E; 3111 m; analyses performed in CRGP
Nancy).

Sample Mass (mg)  “He (10'2at/g)  3He (107 at/g)  Depth (cm)
Gravels

SU11-1 373 6.02 + 0.12 11.8 + 0.3 0
SU11-1 13.2 742 +0.15 125+ 0.3 0
SU13-1 173.5 6.72 + 0.25 11.7 £ 03 -12.5
SU13-1 1141 6.03 + 0.01 11.0 £ 0.2 —-12.5
SuU11-2 97 9.35 +0.18 13.6 + 0.3 -25
SuU11-2 574 31.95 + 0.14 13.9+03 -25
SuU11-2 58.5 8.05 + 0.05 14.0 + 04 -25
SU13-2 158.2 3.67 +0.13 7.7+02 -37.5
SuU11-3 61.3 6.18 + 0.12 7.0+02 -50
SU-11-3 321 6.16 + 0.05 6.9 + 0.2 -50
SuU11-4 163.1 7.81 + 0.15 49 + 0.1 -75
SuU11-5 98.8 6.73 + 0.13 29+0.1 —100
SuU11-6 235 1.03 + 0.02 1.3 + 0.04 —150
Su11-7 183.9 5.84 +0.11 0.9 + 0.03 —-200
SuU11-7 35.8 5.02 + 0.1 1.0 + 0.05 —-200
Sand matrix

SU13 -1m 275.0 531 +0.19 9.1+02 -12.5
SU13 -1m 102.6 5.24 + 0.02 85+0.2 —-12.5
SU13 -3m 53.6 3.69 + 0.03 9.6 + 0.2 -25
SU13 -2m 154.7 3.85+0.14 84+0.2 -37.5
SU13 -2m 715 432 +0.02 8.7+0.2 -37.5

Analyzed samples are pure pyroxenes of 150—300 um that were fused in vacuo at
about 1350 °C.

Cosmogenic 3He concentrations are corrected for a nucleogenic *He contribution of
1 x 10° at.g™! (see Table 7).

Incertitude of depth sampling is about 10 cm.

Volcano is one of the largest volcanic edifices and defines a 2 km
wide caldera (Fig. 9a, b). As observed in the aerial picture (Fig. 9b), it
has been subjected to intense glacial erosion that led to the for-
mation of several glacial troughs filled with fluvioglacial sediments
and moraines (Karapetyan et al., 2010; Jrbashyan et al., 2012).
Within the western flank of the Tsghuk Volcano, a small glacial
valley (we called it Gailahovit Valley meaning “the valley of wolves”
as we observed a group of wolves on the first visit) shows two
transversal counter-slope scarps affecting the latest glacial and

Table 5

fluvio-glacial sediments as well as the watershed ridges bounding
the valley (Figs. 9b and 10a). The western scarp trends N°160E and
extends for about 2 km. The eastern one is shorter with a length of
1 km along a north-south strike. The small extents of the scarps in
space and the proximity of the Tsghuk caldera raise the question of
their origin (volcanic or tectonic). Given the kinematics observed
along the western one (i.e. vertical displacement with a small right-
lateral strike-slip component), Karakhanian et al. (1999) and
Avagyan (2001) concluded that the two scarps corresponded to
earthquake surface ruptures. Upslope, at the summit crossing, a
NE—SW lineament trending parallel to the two previous fault
scarps is observed. However, no obvious recent displacement was
noticed. In 1998, a first paleoseismological investigation allowed
preliminary dating of the sediments trapped behind the western
fault scarp, suggesting that the most recent event occurred at the
beginning of the Holocene, ~8 ka (Avagyan, 2001).

3.2.1. Slip rate

In order to determine the long term slip rate along the faults, we
carried out a topographic survey using a Leica TCR 305 total station.
From a transverse profile across the two fault scarps, we estimated
a total cumulative vertical displacement of 20 + 2 m (Figs. 10a and
11a). The two fault scarps join together within their southern tips
suggesting that they correspond to a single structure at depth (see
Fig. 9b). No obvious fault scarps are observed further south. From
comparing two longitudinal profiles at the top and at the bottom of
the western fault scarp, we estimated a cumulative horizontal
displacement of 7 + 1 m (Fig. 11b), which is consistent with the
6 + 1 m offset estimated by Avagyan (2001). Cumulative vertical
and horizontal displacements allow determination of the precise
kinematics of the fault. Given the geometry of the fault in the
landscape (its change of strike when crossing the valley), we esti-
mated a ~60° eastwards dip. Combining the geometry of the fault
and the displacements (e.g. Nazari et al., 2009) allows calculating a
rake of —105° for the slip vector.

To date the fluvio-glacial surface affected by the two faults, we
used in situ-produced cosmogenic >He. We dug a soil pit (Figs. 10a
and 11¢) within the footwall on the top of the western scarp where

3He cosmogenic data of samples collected on basalt boulders of the southern rock glacier covering the fluvio-glacial surface of the Gailahovit Valley

(39.67147° N, 46.00342° E, 3165 m; analyses performed at CRGP Nancy).

Sample Elevation (m) Mass (mg) “He (10'? at/g) 3He (107 at/g) Cosmogenic Paleomagnetic Corrected
3He (107 at/g) correction 3He age (ka)
SU11-GR-5 3165 140.3 6.3 +0.1 39+0.1 4.0+0.1 1.02 34+4
SU11-GR-8 3165 87.5 4.7 £ 0.1 4.0+0.1 4.1 +0.1 1.02 35+4
SU11-GR-10 3165 91.5 7.8 +0.1 51+0.1 52 +0.1 1.07 43 +5
SU11-GR-11 3165 130.8 72+0.1 6.8 +0.2 6.9 +0.2 1.07 57 +7
SU11-GR-20 3165 94.6 56 +0.1 53+0.1 54+0.1 1.07 44 + 6
SU11-GR-21 3165 158.5 6.3 +0.1 6.2 +0.1 6.4 +0.1 1.07 53+7
SU-11-GR21 3165 38.7 82+0.1 7.0 +0.2 72+02 1.07 59 +7
SU11-GR-22 3165 94.7 6.7 +0.1 58 +0.1 6.0+ 0.1 1.08 49 +6
SU11-GR-23 3165 90 51+0.1 5.0+0.1 52+0.1 1.06 43 +5
SU11-GR-25 3165 124.7 6.0 + 0.1 55+0.1 57+0.1 1.08 46 + 6
SU11-GR-28 3165 228.6 54+0.1 6.5+0.1 6.6 +0.1 1.07 54 +7
SU11-GR-32 3165 1184 53+0.1 51+0.1 52 +0.1 1.07 43 +5
SU11-GR-34 3165 146.5 51+0.1 7.1+0.2 73 +0.2 1.07 60 + 7
SU11-GR-36 3165 1193 6.1 +0.1 53+0.1 55+0.1 1.07 45+ 6
SU11-GR-37 3165 128.8 85+0.2 6.7 +0.1 6.9 +0.2 1.07 57 +7
SU11-GR-40 3165 65 6.9 + 0.1 6.6 + 0.2 6.8 +0.2 1.07 56 + 7
SU11-GR-44 3165 371 57 +0.1 84 +0.2 87 +0.2 1.07 71+9

All samples are 250—500 micron pyroxenes that were fused in vacuo at about 1350 °C.

Cosmogenic >He concentrations are corrected for a nucleogenic *He contribution of 1 x 10° at.g~! (see Table 7).

A sea level high latitude production rate of 122 + 15 at.g~'.a™! is used (Blard et al., 2013).

Spatial caling factors are computed using the Lal-Stone model (Stone, 2000). .

Thickness correction is 3% for all samples. It assumes a rock density of 2.7 g.cm-3 and an attenuation length of 160 g.cm-2.

Shielding correction is negligible.

Paleomagnetic variations are accounted using the model of Nishiizumi et al. (1989) and the VDM database SINT 800 (Guyodo and Valet, 1999).
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the surface is the best preserved. The pit showed coarse unstratified
and unsorted fluvio-glacial deposits mainly composed of angular
basaltic clasts (diameter 10 + 5 cm) with a few large cobbles
included in a sandy-clayed matrix. The dating of the surface con-
sists in analyzing the distribution of in situ-produced >He vs depth
(Fig. 11d, Table 4). This approach allows verifying and measuring, if
any, the amount of inherited cosmogenic 3He produced in clasts
before their deposition (eg Van der Woerd et al., 1998; Brown et al.,
2002; Ritz et al,, 2003). Between the surface and 2 m depth, we
collected 9 amalgamated samples in order to minimize the sto-
chasticity of the processes before the final deposition of the
glacially derived material (cf. Repka et al., 1997). Fig. 11d shows a
clear exponential decrease of the >He cosmogenic concentration at
depth, which allows calculating an age of 113 + 17 ka for the sur-
face. This yields a long-term vertical slip rate of 0.18 + 0.04 mm/y
distributed along the two faults, and a long term left-lateral hori-
zontal slip rate of 0.06 + 0.02 mm/y along the western fault.

The 3He age calculated for the abandonment of the glacial sur-
face is much older than the ~20 ka corresponding to the last
maximum extension of glaciers (LGM) in most of northern Europe.
In the southeastern side of the Tsghuk caldera, at Oughtasar Lake
(famous for its petroglyphs), Mkrtchyan et al. (2014) found a He
age of 17 + 2 ka for the exposure of the basaltic rocks striated by
the glaciers during the LGM. This suggests that the glacier that was
covering the Tsghuk Volcano reliefs during the last glacial period
(“Wiirm glaciation”) did not reach the Gailahovit Valley. This is
also consistent with our cosmogenic *He dating of the small rock
glacier that covers the upper part of the Gailahovit valley (Fig. 10a
and b) for which we obtained an mean exposure age of
45.7 + 4.4 ka, based on the analysis of 16 different boulders (Table 5,
Fig. 10c). These results suggest that the Gailahovit Valley was
already abandoned (and exposed to cosmic rays) after the penul-
timate glaciation (Riss).

3.2.2. Paleoseismology

In order to date the last surface-rupturing events produced
along the fault, we re-opened the trench dug across the main
western scarp in 1998 (T1), and opened a new one (T2) 200 m
further north where the morphology also provide paleoseismo-
logical information (Fig. 12). There, we observed two horizontal
surfaces (S0 and S1) corresponding to fine-grained sediments units
(silty clays) trapped behind the fault scarp, with SO surface inset in
S1 surface (Fig. 12b, ¢, and d). Our interpretation is that the two
surfaces correspond to the successive ponding of fine-grained
sediments that were trapped behind the scarp after 2 successive
surface rupturing seismic events. SO sediments correspond to the
last trapped sediments consecutive to the most recent event, while
S1 sediments were damned after the penultimate event. To date SO
and S1 surfaces, we used OSL/IRSL methods (eg McCalpin and
Forman, 1991; Balescu et al., 2007; Fattahi, 2009, 2014). The fine-
grained deposits (silty-clays) of surface SO were sampled (SUT1-
1) within the trench T2 at 80 cm depth (Fig. 13b), and the fine-
grained deposits of surface S1 were collected (SUP2) at 60 cm
depth within a soil pit (Fig. 12c). Analyses were performed at the
USGS Luminescence Geochronology Lab in Denver, Colorado, USA
(Table 6). IRSL analyses yielded ages of 6160 + 290 years and
8100 + 390 years, respectively. We therefore conclude that the
most recent event occurred between 8.5 and 5.8 ka.

Fig. 13 shows our observations within trenches T1 and T2. The
re-opening of 1998 trench in 2013 (T1) was aimed at obtaining a
more precise age on the event described in Avagyan (2001), which
preliminary IRSL dating had placed before ~8 ka. Fig. 13a synthe-
sizes the log of the trench northern wall and shows a thick colluvial
wedge (unit 2) interstratified with two silty clayeyed units (units 1
and 3). OSL/IRSL ages of samples (collected in unit 3 in 1998 (AR98-
16 and AR98-20), and in unit 1 in 2013 (SU13-8) are

Fig. 12. a: Google Earth satellite image showing the two fault scarps affecting the Gailahovit Valley, the rock-glacier and the two trench sites (note the right-lateral deflection of
the drainage at the center of the picture); b: detailed morphological map of the studied site; c: Picture of the studied site; d: morphological interpretation of picture c.
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Fig. 13. a — Field photo and schematic cross-section of the northern wall of the 1998 trench; 1: Brown clay with no visible stratigraphy, including small pebbles often showing
reddish color; 2a: Colluvium with clayey matrix and abundant clasts and cobles (size 2—30 cm); 2b: Block of sandy brown clay; 3: brown clay with fine-grained silts, homogeneous
with no visible stratigraphy, 4: black clayey present soil including some clastic elements. b — Photo-mosaic and schematic cross-section of the northern wall of the 2011 trench; 1:
Colluvial wedge; 2: Brown silty clay; 3: Present soil; 4: Cobbles and clasts presenting an eastwards-dipping fabric; a: brecciated material mixed with clay; b: fissured and broken
basalt cobble. Dated samples are shown by stars (*C) (Table 3) and squares (IRSL) (Table 6). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 6

OSL/IRSL ages of samples collected in trenches T1 and T2 dug across the western Tsghuk fault, and on top of F1 alluvial
fan along the ANF1 fault, Section 3.1.1.1 (note: following Huntley and Lamothe (2001), age correction for anomalous
fading was applied for all samples including those collected in 1998 that were not corrected in Avagyan (2001)). M and
D are for Montreal and Denver, respectively.

Samples Equivalent Dose (Gy) Dose rate (Gy/ka) Corrected IRSL age (ka)
AR 98-16 (M) 18.0 £ 0.7 43 +04 63 +0.8
AR 98 —20 (M) 293+ 15 37+03 105+ 1.6
SUT1-1 (D) 14.1 + 0.56 229 + 0.05 6.1 +03
SUP2 (D) 19.4 + 0.81 2.39 + 0.06 8.1+04
SU13-8 (M) 372 +27 3.61+0.14 103 £ 0.9
AM12-0SL2 (M) 195.1 +9.3 2.65+0.14 736 +54

Please cite this article in press as: Ritz, J.-F, et al,, Active tectonics within the NW and SE extensions of the Pambak-Sevan-Syunik fault:
Implications for the present geodynamics of Armenia, Quaternary International (2015), http://dx.doi.org/10.1016/j.quaint.2015.05.021




14 J.-E Ritz et al. / Quaternary International xxx (2015) 1-18

stratigraphically consistent (Fig. 13a, Table 6) (analyses were per-
formed at the Lux Luminescence Lab at Quebec University in
Montréal, Canada). Ages obtained for unit 3 are also consistent with
the radiocarbon dating of charcoal (AR0O0-16: 6.1 + 0.1 ka Cal BP)
collected between samples AR98-16 (6.3 + 0.8 ka) and AR98-20
(10.5 + 1.6 ka). Samples SU13-8 and AR98-20 pre- and post-
dating the colluvial wedge unit 2 in T1, respectively, gave the
same age range considering the associated error uncertainties
(10.3 + 0.9 ka and 10.5 + 1.6 ka, respectively). Given the strati-
graphic order of units 1 and 3, we bracket the large event described
in Avagyan (2001) between 11.2 ka and 8.9 ka.

Trench T2 was hand-dug in 2011 and is smaller and shallower
than T1 (Fig. 13b). It reveals a thick colluvial wedge unit (1) similar
to the colluvial wedge unit (2) observed in trench T1. We interpret
this unit as scarp-derived colluvium associated with a large surface
rupturing event having produced a fault scarp from which clasts

Table 7
(U—Th)/*He ages from the rock glacier in the Gailahovit Valley, and nucleogenic >He.

and cobbles were derived. In the western part of the trench, clasts
and cobles of unit 1 show a preferred orientation associated with
brecciated material suggesting that it has been deformed by
another event. Unit 1 is covered by the silty clay of SO, which IRSL
age is 6.1 + 0.3 ka. This age is consistent with the radiocarbon
dating of one charcoal (SUT1-3: 7.0 + 0.1 ka cal BP) collected just
above sample SUT1-1 (Fig. 13b).

The overall results obtained from the morphological and pale-
oseismological analyses allow interpreting the occurrence of two
surface rupturing events in the past 11.2 ka (Fig. 14). The penulti-
mate event occurred between 11.2 and 8.9 ka (stage 1). It created a
big counter-slope scarp that collapsed upslope, forming a thick
colluvial wedge (unit 2 in T1; unit 1 in T2) and dammed the
drainage leading to the ponding of S1 fine-grained sediments (stage
2, unit 3 in T1). Regressive erosion enabled the re-incision of the
scarp as well as S1 sediments (stage 3). The most recent event

Sample 232Th (ppm) 238y (ppm) “He (102 at g7 1) P4 (10° at/g/yr) (U—Th)/*He age (Ma) Li (ppm) P5” (at/g/yr) 3He, (10° at/g)
SU11-GR-28 3.09 0.63 54 +0.1 5.9 0.9 8.9 0.09 0.8
SU11-GR-34 — - — - - 13.6 0.13 1.2
SU11-GR-36 3.05 0.70 6.1 +0.1 6.1 1.0 133 0.13 1.2
SU11-1 0.57 3.72 6.7+ 1 6.6 1.0 15.2 0.15 14
SuU11-2 0.65 434 16 + 13 6.9 24 9.8 0.09 0.9
SU11-3 0.42 3.03 6.2 + 0.1 53 1.2 6.5 0.06 0.6
SuU11-4 0.44 3.28 7.8 +0.1 5.5 14 6.1 0.06 0.6
SU11-5 0.51 3.51 6.7 + 0.1 5.9 1.1 6.5 0.06 0.6
SU11-6 0.32 1.86 1.03 + 0.02 4.1 0.2 6.1 0.06 0.6
SuU11-7 0.75 2.77 54 + 0.6 6.1 0.9 6.1 0.06 0.6

@ P4 calculated using Farley et al., 2006, a grain radius of 190 microns and U and Th lava concentrations of 3.7 and 14 ppm, respectively.
b Calculated using the Andrews and Kay (1982) equations and using the bulk rock and pyroxenes compositions in major and trace elements.

Fig. 14. Schematic scenario for the two last earthquakes having ruptured the western fault within the Gailahovit Valley: 1- first seismic event, 2- accumulation of S1 sedimentary

unit, 3- erosion, 4- second seismic event, 5- accumulation of SO sedimentary unit.
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occurred between 8.5 ka and 5.8 ka (stage 4), deforming the pre-
existing colluvial wedge associated with the penultimate event
without forming clear identifiable scarp derived colluvium. It led to
the ponding of SO fine-grained deposits inset in the remnant of S1
surface (stage 5).

The penultimate event appears clearly larger that the most
recent event. It resulted in the formation of a thick colluvial wedge
(unit 2 in trench T1 and unit 1 in trench T2) that is 1-1.5 m thick
(Fig. 13a). This suggests that the height of the fault scarp reached at
least 1—1.5 m (eg McCalpin, 1996; Philip et al., 2001; Nazari et al.,
2009). This yields a minimum Moment Magnitude (Mw) of ~7 af-
ter Wells and Coppersmith (1994)’s functions. It is more difficult to
give an estimate of the height of the scarp produced by the most
recent event. Considering the deformation observed within the
colluvial wedge unit (unit 1 in T2), especially the deflection of its
upper limit below SO deposits, we estimated a minimum vertical
displacement of ~0.4 m. This yields a minimum Mw of 6.4 for the
most recent event.

Assuming that these two offset values (1.5 m and 0.4 m)
correspond to end members for the magnitudes of the vertical
displacements that can be produced along the fault, we calculate
that 10 to 50 earthquakes with magnitudes > 6.4 occurred along the
fault during the past ~110 ka (abandonment of the valley). Dividing
the mean long term vertical slip rate (0.18 mm/y) by the two ver-
tical offsets values yields mean recurrence intervals for earthquakes
(Mw > 6.4) between 11,000 and 2000 years.

4. Conclusions and discussion

Our morphotectonic and paleoseismological study, carried out
in the northwestern and southeastern extensions of the PSSF,
characterize the active tectonics in Amasia and Tsghuk regions. In
the Amasia region, active deformations are distributed within an
WNW-ESE trending pop-up structure controlled by two conjugated
reverse faults that are ~20 km long at least. We estimated vertical
slip rates of 0.51 + 0.14 mm/y along the Amasia Southern Fault (ASF)
and of 0.48 + 0.10 mmy/y along the Amasia Northern Fault (ANF).
Assuming that the dip of faults is comprised between 45° (dip angle
of the shear zone observed in Fig. 4b) and 30° (standard dip for a
newly form thrust fault; see for instance Scholz, 2002), we calculate
a horizontal shortening rate of 1.4 + 0.6 mmy/y across the overall
structure. This result suggests that the ~2 mmy/y horizontal dextral
slip rate measured along the neighboring PSSF (e.g. Philip et al.,
2001; Karakhanian et al., 2013) are mainly absorbed within the
Amasia pop-up structure.

Our paleoseismological investigation along the ANF brackets the
last surface rupturing event between 1300 and 1810 A.D. Unfor-
tunately, no clear relationships with the historical record in the
region can be established. It would be certainly interesting to carry
out archeo-sesimological investigations within the ruins of the
abandoned village located above the ANF1 at Green Creek. It was
not possible to estimate a magnitude for this most recent event
along the ANF as we could not measure a co-seismic displacement.
A rupture along 20 km fault length, which we consider as repre-
senting the minimum length for the ANF, would yield a Moment
Magnitude (Mw) of ~6.5 and an average displacement of ~40 cm
(see Wells and Coppersmith, 1994). For a 30 km long rupture, Mw
would be 6.8. These results are consistent with Khromovskikh et al.
(1979), who estimated that surface ruptures in the Caucasus region
are generated by Mw > 6.5 earthquakes.

Dividing an average surface displacement of ~40 cm by the long-
term slip rate estimated for the ANF1 fault (0.19 + 0.05 mm/y)
yields a mean recurrence intervals of ~2000 years for Mw 6.5 sur-
face rupturing events. We consider that this corresponds to a
maximum recurrence interval for the ANF fault system given the

distribution of the deformation along ANF1 and ANF2 (a vertical
offset could be produced along ANF2 contemporaneously with an
offset along ANF1). Given that Amasia pop structure is made of two
conjugated faults having roughly the same slip rate (~0.5 mm/y),
we conclude that the mean recurrence interval of Mw 6.5 earth-
quakes associated with the Amasia pop-up structure is ~1000 years.
Larger events, breaking the ANF and ASF together for instance,
would result in longer periods of quiescence between strong
earthquakes.

Within the Tsghuk region, the active deformations are scarce,
and we could only find an occurrence of two fault scarps that we
interpreted as being related to a NNW-SSE trending, eastwards
dipping normal fault with a slight dextral component. Together, the
2 faults scarps cumulated ~20 m of vertical displacement (plus ~7 m
of horizontal displacement along the western fault) during the past
~110 ka, yielding long-term vertical and horizontal slip rates of
0.18 and 0.06 mm/y, respectively. Paleoseismological investigations
across the western fault scarp allow characterizing 2 surface
rupturing events that occurred during the past 11.2 ky. Assuming
the fault worked similarly during the past 110 ky yields recurrence
intervals between 11 and 2 ky for Mw > 6.4 events.

The small extent of the fault scarps in space (only 2 km) might
poses the question whether they really correspond to a tectonic
structure extending to depth, a seismogenic fault affecting the
upper part of the crust. Given the proximity of the Tsghuk volcanic
caldera (2 km east), one may wonder whether these structures are
not simply associated with the collapse of the caldera (see Fig. 9b).
However, three observations contradict this hypothesis. The first
one is that the 2 fault scarps do not define arcuate structures,
concave towards the volcano: they define straight linear features.
The second observation is that the 2 linear faults appear aligned
with the normal faults observed further north that define the
western boundary of the Syunik graben. The third observation is
that the cumulative 20 m vertical deformation corresponds
to repeated fault movements, as shown by paleoseismological
investigations.

This slow normal faulting tectonic activity is clearly interfering
with the recent volcanic activity that characterized the Syunik
province, as observed by Karakhanian et al. (1997). Five km
northwards of the studied valley, within the most recent lava flows
produced in the province (see Fig. 9a), we observed a fissural vol-
canic emission showing the same trend as the faults observed in
Gailahovit Valley, and the emissions are perfectly aligned with the
fault. After cosmogenic >He dating of these lavas, it appears that this
volcanic activity could be contemporaneous with the tectonic ac-
tivity observed in Gailahovit Valley (A. Karakhanian and P.H. Blard,
personal communication). This contemporaneity would also
explain why it is difficult to observe the extent of the morphotec-
tonic markers that may be buried below recent lavas flows.

In terms of kinematics and geodynamics, our morphological and
paleoseismological study within the Gailahovit Valley concludes
that the PSSF tectonic activity dies out progressively to the South.
The 0.18 mm/y of vertical slip rate yields a ~0.1 mm/y of E-NE/W-
SW horizontal stretching along the 60° dipping N160°E trending
fault. This is 5 times less that the horizontal slip rate estimated for
the PSSF just north of Syunik (i.e. 0.53 + 0.04 mm/year, Philip et al.
(2001)). Even if we double this stretching rate (assuming a conju-
gated normal fault structure at depth for instance) and add the
~0.05 mmy/y horizontal right-lateral slip rate component, we are far
below the slip rate estimated further north.

This suggests that the tectonic activity observed in Gailahovit
Valley corresponds most probably to the southernmost expression
of the PSSF. Very few activities might exist further south along the
Guiratagh fault (see Fig. 1a), but they would be extremely weak, as
no obvious morphotectonics markers are observed. This means that
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the ~2 mm/y right-lateral strike-slip faulting measures along the
PSSF (Philip et al., 2001; Karakhanian et al., 2013) is transferred
progressively along other faults, such as the Hagari fault in the
Karabagh region (also proposed from the fault block model calcu-
lated from the GPS velocity field (Karakhanian et al., 2013)) or
further structures at the northwestwards front of the Karabagh
relief (Fig. 1a).

Our study brings also some insights about two questions: the
localization vs the distribution of the deformation in the little
Caucacus; the occurrence or not of aseismic slip along faults. These
questions have been largely debated for the Mediterranean and
Middle East region from analyses of seismological and geodetic
data (eg Jackson and McKenzie, 1988; Masson et al., 2005). If the
interpretation of the seismological data suggested at first that little
of the deformation was seismic within the Caucasus region (Jackson
and McKenzie, 1988), the recent comparison of seismic and
geodetic strain rates suggested that between 30% and 100% of the
deformation was seismic (Masson et al., 2005).

The geological slip rates that we estimated in this study are
comparable with the geodetic slip rates estimated from fault block
models using GPS velocities field (see Karakhanian et al., 2013). In
the Tsghuk region, our ~0.1 mm/y EW trenching rate and our
~0.05 mm/y estimated along the southernmost faults of the Syunik
fault graben are comparable with the 0.7 + 1.0 mm/y EW trenching
rate and the 0.0 + 1.0 mmy/y horizontal slip rate obtained from GPS
data. We cannot make the comparison within the Amassia region
where the Karakhanian et al. faults map lacks detail. This suggests
that the deformation is mainly localized along faults, at least within
the Syunik region, and that no or little aseismic continuous defor-
mation is absorbed between faults.

Moreover, within the Syunik region, our slip rates estimated
from paleoseismological data are equivalent to our long term slip
rates estimated from cumulative displacements. In the Tsghuk re-
gion, the 1.5—2 m vertical offset estimated from the paleoseismic
features (i.e. 2 events) observed along the western fault scarp
occurred during the past 11.2 ka, which yields a vertical slip rate of
0.15 + 0.03 mm/y. Considering that some coseismic deformation is
also occurring along the eastern fault, this suggests that the
coseismic short term slip rate and the long term slip rate
(0.18 + 0.04 mmy/y) are equal. Therefore, this suggests that the
deformation along faults is entirely seismic.

Finally, the kinematics of faulting observed at the NW and SE
extensions of the PSSF (i.e. NS compression and E—W extension,
respectively) is consistent with the anticlockwise rotation of the
Lesser Caucasus and Kura blocks depicted from the GPS studies
(McClusky et al., 2008; Djamour et al., 2011), which in turn is
consistent with the clockwise rotation observed within the South-
Caspian-Northern Alborz region (Vernant et al., 2004; Ritz et al,,
2006; Ritz, 2009). All together, these data brings a new coherent
insight into the present geodynamics of the Armenian territory and
its surrounding areas.
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Appendix A. Cosmogenic 3He analyses at CRPG Nancy

All 3He and “He concentrations were measured at the CRPG
noble gas lab, using the SFT Helix mass spectrometer by GV-Thermo
and following the procedures previously described in Blard et al.
(2013). Basalt samples were crushed and sieved, and the 250-500
microns (or 150-300 microns) fractions were finally separated in
heavy liquid to obtain pure pyroxene phenocrysts. Most of these
pyroxene grains had no melt or mineral inclusions. To extract all
cosmogenic 3He, uncrushed phenocrysts were fused in vacuo dur-
ing 15 min at 1400 °C, in a home-designed single vacuum resistance
furnace (Zimmermann et al., 2012 ). After gas purification, the total
3He and “He concentrations were analyzed with the SFT mass
spectrometer. The radiogenic (U—Th-Sm)/*He ages were computed
following (Blard and Farley, 2008). These ages are similar to the
eruption ages of the basalts. They were considered to represent the
duration of the nucleogenic 3He production. The build-up of
nucleogenic >He was calculated using major and traces elements
measured in phenocrysts and in bulk rocks, following the equations
of Andrews and Kay (1982) and Andrews (1985). This nucleogenic
correction represents less than 2% of the total He extracted by
fusion. Given that the microphenocrysts are smaller than 500 mi-
crons, we assumed that the magmatic >He component is negligible
compared to the cosmogenic variety (Williams et al., 2005; Poujol
et al.,, 2014).

Cosmogenic 3He concentrations were converted in exposure
ages using a sea level high latitude production rate P3 of 122 + 15
atg lyr ! (Blard et al, 2013) that was spatially scaled to the
sample locations using the model of Lal (1991) and Stone (2000).
Time dependent variations of the production rate were accounted
using the model of (Nishiizumi et al. (1989) and the Earth's virtual
dipole moment record of Guyodo and Valet (1999). Shielding and
topographic corrections were performed using the equations of
Dunne et al. (1999).
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