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The Republic of Armenia (RA) is located in the Arabian and Eurasian plates collision zone. The Pambak-
Sevan-Syunik (PSSF) active fault extends almost throughout the whole territory of Armenia. The issue of geometry
of the surface and near-surface structures in the most segments of the PSSF remains open. In the Syunik segment
of this fault there is a site called Karkar with a high hydrothermal potential. Surface and near-surface structures in
the Karkar site were first identified and studied in Armenia with using of GPR survey. Ruptured and depletedzones
representing secondary surface deformations of the active fault were revealed.

In the initial stage, a GPR 2D survey was done in separated sites; afterwards, a GPR 3D survey was done in
revealed anomalous sites. As a result, the 3D models of surface and near-surface structures (flower structure,
pull-apart basin, and other structures) allowed to more accurately estimate the width of the active fault zone,
to develop an adequate seismotectonic model of the territory. The carried out researches will have a great
importance for the seismic hazard and risk assessment for the studied territory.
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Introduction

The Republic of Armenia (RA) is located in the Arabian and Eurasian plates col-
lision zone. The Pambak-Sevan-Syunik (PSSF) active fault extends almost throughout
the whole territory of Armenia. In the Syunik segment of this fault there is a site called
Karkar with a high hydrothermal potential, where the main segments of the active fault
are known. However, the issue of geometry of the surface and near-surface structures
existing in the surroundings of the main fault remains open. This issue is important for
seismic hazard and risk assessment.

With the purpose of revealing and comprehensively studying the surface and near-
surface structures, 2D and 3D ground penetrating radar (GPR) surveys were used in the
Karkar site. During the survey, anomalous areas were identified, which need to be studied
in detail. To determine the three-dimensional structure of the mentioned structures in the
anomalous areas, 3D GPR survey was used. As a result of the surveydisrupted, ruptured,
deformed surfaceand near-surface zones were revealed and mapped. Based on these re-
sults, it becomes possible to more thoroughly examine and estimate the width of the ac-
tive faults.

Characteristics of the Karkar site

The Karkar site (Figure 1) is located in the south of the Republic of Armenia, in
Syunik region. The site is a part of the Pambak-Sevan-Syunik active fault, which is the
longest (490 km) active fault in Armenia [Trifonov et al., 1990; Philip et al., 1988; Kara-
khanyan et al., 1997; Rebai et al., 1993]. Numerous geological and geophysical investiga-
tions have been carried out in the Karkar site, among them being as follows: the Karkar
site is situated in the area, where the western branch of the pull-apart basin structure splits
into seven subsegments. The total rightlateralstrike-slip fault displacement along all seg-
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ments equals 600 m, and the vertical displacement is 47 m. [Karakhanyan et al., 2015].
We surveyed the western branch of Karkar site (Figure 1).

The seismic translucence implemented in Jermaghbyur area in 1988-1989 resulted
in detection of two areas of low-velocity inhomegeneities: the first one waslocated in the
area of the Jermaghbyurthermal spring and the other one was located in the area of the
Karkar volcanic group.
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Fig. 1. a) Map of Armenia, b) The area under study

The identified seismic inhomogeneities are located above the refraction boundary,
which is at a depth of 2,0-2,5 km., and represent bodies, in which velocities of propaga-
tion of electromagnetic waves are much lower as compared to covering medium and their
filling substance is characterized by a higher attenuation factor.According to the seismic
characteristics these bodies might represent near-surface magma chambers filled with still
substance [Independent..., 2012].

The main out come of the structural-geological and volcanological investigations
conducted in the Karkar site was the identification of a major structure of pull-apart ba-
sinon the southern flank of the Pambak-Sevan-Syunik active fault [Karakhanyan et al.,
2002].

Based on the structural-geological investigations conducted in 2004 the map of faults
in the Karkar site was compiled at a scale of 1:25.000, which served a basis for the de-
velopment of the «conceptual model of the geothermal site [Independent..., 2012]. In the
same year, a magnetotelluric (MT) sounding was conducted in the site by «Nord-West»
Company (Moscow) in cooperation with the Institute of Geophysics and Engineering
Seismology of the National Academy of Sciences of Armenia [Independent..., 2012].
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The critical analysis of the MT survey results of 2004, 2009 and 2011 indicates that
they are fully compatible and can be used for interpretation, in particular for assessment
of the geothermal potential of the Karkar site [Independent..., 2012].

The results of 3-dimensional inversion of gravity data provide key inputs into a hy-
drothermal circulation model of the system and associated hot springs, which is used to
evaluate possible geothermal system configurations. Hydraulic and thermal properties are
specified using maximum a priori estimates. Limited constraints provided by tempera-
ture data collected from an existing down-gradient borehole indicate that the geothermal

system can most likely be classified as low-enthalpy and liquid dominated [White et al.,
2015].

The results of the conducted ground
penetrating radar survey

The most important task was to detect, study and map the surface and surface struc-
tures. Then made for them the three-dimensional models. For this purpose, a 2D and 3D
GPR survey was implemented for the first time, using GSSI SIR 3000 GPRequipment,
and the data were processed using «Radan 6,5» software [Lehmann, Green, 2000].

For the 2D survey a 100 MHz antenna was used, which enabled to study the Earth’s
crust to a depth of 30 m, and for the 3D GPR survey a 200 MHz antenna was used to study
the Earth’s crust to a depth of 10 m. The anomalous areas and zones revealed as a result
of the 2D survey were subject to quantitative and qualitative processing, during which the
nature of the anomalies was identified and the tectonic elements were separated.
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Fig. 2. Factual evidence sketch: first and second sites
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To obtain the image of tectonic structures in the anomalous areas 3D GPR survey was
conducted and the model of tectonic elements was compiled as a result.

Based on the characteristics of the relief, the site was divided into two parts during
the studies (Figure 2).

In the first site, rectangular grid 2D GPR survey was conducted, which included 11
profiles. Conditioned with the roughness of relief, 4 profiles of the survey have interrup-
tions of up to 10 m length. This area coincides with the main disruption of the active fault,
which is well manifested on the terrain.

Figure 3 represents the radargram of Profile 10 and its processing results.The first 0,3
m layer of the profile is the top soil layer, followed by tectonic structures.In the 15 to 100
m segment of the Profile, there is a ruptured and disrupted zone, which is 85 m long and
20 m deep. Such deformations represent by-products of the active fault.

Fig. 3. Quantitative and qualitative interpretation of Profile 10 of GPR 2D survey

In the 102-118 m segment of the Profile an anomaly is distinguished, which is more
than 30 m deep. The structure swidth is decreasing with the depth and becomes 8 m at 30
m (Figure 4). The anomaly revealed in the 180-190 m segment of the Profile is 5 m deep,
however it is not linked to the active tectonicsin any way. Presumably, it is connected with
a cultural and historical heritage site, since this area was a settlement in the late Bronze
Age; there are many historical and cultural heritage sites here. A similar structure is also
present in the 210-223 segment of the Profile.
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Fig. 4. A flower-type structure

Taking into consideration the fact of the tectonic origin of the structure, it can be
argued that the revealed structure has a flower-type shape. As a result of the GPR 2D
survey conducted with antennas of up to 30 m penetration depth, numerous flower-type
structures were revealed.
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Fig. 6. Analysis of GPR 3D survey and compilation of 3D model
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All profiles in the site were subject to similar processing and the anomalieswere plot-
ted on the factual evidence sketch (Figure 8).

With the purpose of more detailed studies, GPR 3D survey was used in the anoma-
lous sites revealed during the GPR 2D survey (Figure 2). The survey was conducted with
a rectangular grid. It composed of 11 profiles, with 3m distance between them.The find-
ings of the GPR 3D survey fully confirmed the ones of the GPR 2D survey. As a result of
quantitative and qualitative interpretation of the survey, the presence of the flower-type
structures was identified and confirmed (Figure 5).

Let us consider the findings obtained in the second site (Figure 2). The length of
the rectangular grid GPR 2D survey profiles was 300 m and the distance between them
was 30 m. As a result of the survey data interpretation, anomalous areas conditioned by
tectonic elements were identified that were also conditioned by disrupted and ruptured
zones, as well as tectonic elements with flower-type structure.

There is a natural depression in this site. However, targeted studies to verify the con-
ditions of its origin have not been conducted. Taking into account the GPR 2D survey
data, as well as the presence of the natural depression in the site, GPR 3D survey was
conducted in the site (Figure 2). The survey was conducted with rectangular grid. It con-
sisted of 24 profiles 50 m in length, and the distance between the profiles was 3 m. The
data processing revealed that the natural depression was more than 8 m deep and it was
bounded by active faults of flower-type structurealong its two flanks (Figure 6).

Taking into consideration the presence of the natural depression and the active faults
bounding it along two flanks, as well as the flower-type structure of the faults, it is argued
that the natural depression is a pull-apart basin (Figure 6).The obtained data were placed
on aerial photograph (Figure 7) and the model of the pull-apart basin was built [McClay,
Bonora, 2001], which has 20 m width and 40 m length.

Fig. 7. Pull-apart basin model and active faults
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Discussion

Based on the GPR survey in the area under study various surface and near-surface
tectonic elements were identified and mapped. The depleted and ruptured structures com-
prise zones that extend to 20 m depth and are 50 to 230 m wide. They are interrupted by
tectonic elements of flower-type structure with different widths varying in a range of 8-9
m to30 m. Regional expansionforces are present in this site, and therefore the tectonic
elements are subjected to a stretching process, resulting in the negative flower-type struc-
tures. The latter coincide with high accuracy with the flower-structure model proposed by
Sylvester in 1988 [Sylvester, Brown, 1988].

A pull-apart basin was identified in the second site, its 2D and 3D tectonic models
were developed. The developed model coincides with high accuracy with the Mcklay
and Masimomodel [McClay, Bonora, 2001]. All surface and near-surface structures were
mapped (Figure 8).

A pull-apart basin was identified in the second site, in the center of which low values
of the MT survey were registered.

During the field work were in detail studied surface and sub-surface structures in the
active fault zone, which leads to the assessment width of the active fault. These results
could evaluate the width of active fault zones. This allows to develop an adequate seismo-
tectonic model of the investigated site, improve accuracy of seismic hazard assessment,
thus reducing the seismic risk. Based on the GPR survey data a paleoseismological trench
was excavated. The tectonic structures, which were exposed in the trench almost fully
confirm the GPR survey results, which confirms the accuracy of the latter [Karakhanyan
etal., 2015].

Conclusions

Summing up the results of the conducted studies, the following conclusions can be
drawn:

* During study were identified, studied and mapped surface and near-surface struc-
tures in the zone of active fault.

* As a result of GPR 2D and 3D surveys surface and near-surface disrupted and
ruptured tectonic zones were identified, a part of which have flower-type structures.

» There is evidence that the natural depression in the second site is a pull-apart ba-
sin; the 2D and 3D models of the pull-apart basin were built.

» The widths of the Karkar sections of the active Pambak-Sevan-Syunik Fault cor-
respond to about 800 m.
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UCCJNIEAQOBAHUE TEKTOHUNYECKUX MOBEPXHOCTHbIX
N NMPUNOBEPXHOCTHbIX CTPYKTYP B 3OHE AKTUBHbIX
PA3JIOMOB MPY NMNOMOLLN FTEOPAOAPHOU CbEMKU
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Tepputopus Pecny6nuku Apmenus (PA) pacnonoxeHa B LeHTPanbHON YacTy 30HbI KONusum Apabekon un
EBpaswiickoit niut. Mam6ak-CeBaH-CIOHMKCKIIA aKTUBHBIA Pa3noM MPOXOANT NOYTK Yepes3 BCHo Tepputoputo Ap-
MeHUW. Bonpoc reoMeTpum noBePXHOCTHBIX U NPUMNOBEPXHOCTHBIX CTPYKTYP B 60/bLUUHCTBE CErMeHTOB Tambak-
CeBaH-CIOHMKCKOrO pa3noma 0CTaeTcst OTKPbITbIM. B CIOHMKCKOM CErMeHTe 3TOr0 passiioMa HaxoguTcs y4acToK
Nnof HasBaHuem Kapkap, ¢ BbICOKUM rmapoTepMaibHbiM NOTeHUManomM. Briepssie B ApMeHUM npu NOMOLLM reo-
pagapHoro npodmns 6bINK BbIABNEHbI U U3Y4eHbI NOBEPXHOCTHbIE W MPUMNOBEPXHOCTHbIE CTPYKTYPbI Pa3fnoma Ha
y4qacTke Kapkap. BbifiBneHbl pa3pyLUeHHbIe 30HbI, NPeACTaBNsALIMe BTOPUYHbIE MOBEPXHOCTHbIE fechopmaLium
aKTUBHOIO pasnoma.

Ha Ha4anbHOM 3Tane Ans pasfnyHbIX Y4acTKoB OGblna NPOBeAEHA [ABYXMepHas reopajapHas cbemka (2D).
3arem, Ans BbISBNIEHHbIX aHOMaJIbHbIX Y4aCTKOB Oblna NPOBEAeHa TPEXMEpHas reopajapHas cbemka. B pesynb-
TaTe nocTpoeHHble 3D MoLenu NOBEPXHOCTHbIX 1 MPUMOBEPXHOCTHBIX CTPYKTYP (CTPYKTYypa LiBETKa, 6acceiHa
NPUCLBUrOBOr0 PacTSXXeHWA 1 Ap.) N03BONSAKOT 60/Mee TOYHO ONpPefeNnTb WNPUHY 30HbI aKTUBHOMO pasnoma,
pa3paboTatb afeKBaTHY0 CEeCMOTEKTOHUYECKYHD MOAenb Tepputopuu. lpoBefeHHble uccnefoBaHus 6yoyT
VMETb BXXHOE 3HA4eHWe Ans OLIeHKN CeCMUYECKOI 0MacHOCTU U pUCKa N3y4aeMoin TEppUTOpUL.

KnioueBble CnoBa: akTWUBHbIA Pa3fioM, NOBEPXHOCTHbIE WU MPWUMOBEPXHOCTHbIE CTPYKTYpPbI, reopagapHas
CbeMKa, aHOMaus.
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