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In order to better understand the regional tectonic activities of the continent-continent ongoing
collision-compressed edge zone of the Eurasian-Arabic plates, 2D tomography maps of the Caucasus
territory using the Rayleigh waves were generated. The 2D tomography images of this study, illustrate
the large variety in surface wave propagation velocity in different complex geologic units of the
Caucasus. To draw the 2D tomography maps, we accomplished a 2D-linear inversion procedure on the
Rayleigh wave dispersion curves for the periods of 5 to 70 s (depth ≃ 180 km). To conduct this,
local-regional data from ∼ 1300 earthquakes (M ≥ 3.9) recorded by the 49 broadband stations from
1999 to 2018 in a wide area with complicated tectonic units were used. In comparison with results of
previous studies in Caucasus, the tomography maps for the long-periods (T = 50–70 s; depth ∼ 180 km)
are more influenced by the velocity structure of the uppermost mantle which demonstrate the ultralow
and ultrahigh-velocity anomalies. The results for the medium-periods (30 ≤ T ≤ 45 s), the low-velocity
zones coincide with areas thought to be correlated with underplating of the lower crust (e.g., shallow
LAB), while, the high-velocity zones are usually demonstrating the presence of a normal continental
crust over a stable and thick or oceanic-like lid. Short-periods (5 ≤ T ≤ 25 s) are more influenced by the
ever-evolving deformations of the geological units, sedimentary basins, volcanic complexes, uplifts, and
reveals a low-velocity small zone, on the NW slope of the Aragats volcano (depth ≃ 7 km), which is
different from the results of other studies.
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1 Introduction

The Caucasus Collision Zone consists of an as-
semblage of lithospheric blocks, which have a com-
plex tectonic setting that is created by the col-
lision and convergence of the Arabian plate to-
wards Eurasia resulting from the Iranian part of
the Alpine-Himalayan collision (Figure 1).

The Caucasus is a region between the Caspian
Sea and the Black Sea, which is divided into two
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parts, the South Caucasus (Lesser Caucasus) and
the North Caucasus (Greater Caucasus). Greater
and Lesser Caucasus are separated by the Tran-
scaucasian (Dzirula) Massif, Kura and Rioni rivers
in the middle. The Caucasus includes Armenia,
Georgia, Azerbaijan, NW Iran, East of Turkey,
and parts of Russia country. The convergence be-
tween Arabia and Eurasia began in Late Creta-
ceous [Golonka, 2004]. Over time, this motion
led to subsequent collision stages between Arabia
and smaller continental blocks resulted from the
break-up of Gondwana until the final closure of
Neotethys Ocean.
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Figure 1: The Caucasus active tectonic features. Retrieved from [Jrbashyan et al., 2001; Khuduzade and
Jafarov, 2017].

The structures from the so called Caucasian
collision are specified by compressional struc-
tures, including thrusts, nappes, reverse faults and
strongly related deformed fault-propagation folds.
In contrast to these faults, the transversal faults
are also mainly compressional structures having a
more or less considerable strike-slip component.
According to some studies [e.g., Sun et al., 2012]
this continent-continent collisional tectonics pro-
cesses begun about 12 Ma. The Caucasus region is
compressed between Arabian-Eurasian plates and
due to NNW 338◦ at a rate of 28 mm/year [DeMets
et al., 1990], compression expanded the main
seismo-active structures in NW Iran, Greater Cau-
casus (GC), Lesser Caucasus (LC), Eastern Anato-
lian Accretionary Complex (EAAC).

The fault zones include the reverse strike-slip,
strike-slip sinistral, strike-slip dextral, wrench,
and major thrust faults with WNW–ESE direction
are developed; and also the extensional axes with
N–S direction relative movement of the Arabian
plate against the Eurasian plate are formed.

The Greater Caucasus ranges consist mostly of
Paleozoic metasedimentary rocks and granitoids,
Jurassic sediments, Mesozoic and Cenozoic volcan-
ism [Sosson et al., 2017]. According to some studies
[e.g., Ismail-Zadeh et al., 2020] the Lesser Cauca-
sus ranges consist of Paleozoic granitoid metamor-
phic basement overlain unconformably by shelf
carbonates of Paleozoic Triassic age. They also
contain ophiolite mélange lithologies of the Sevan-
Akera and the Vedi suture zones. The base-
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ment rocks and the ophiolites are overlain by the
extensive volcano-sedimentary sequence of Late
Eocene-Early Miocene age. In this enigmatic area,
there are complicated geological structures and
large volcanic complexes and basins (e.g., South
Caspian Basin (SCB), Rioni Basin (RB), Kura Basin
(KB), Eastern Black Sea Basin (EBSB), Sevan De-
pressions, Central Armenia Block (CAB), Elbrus,
Aragats, Ararat, Kazbek).

The ultimate goal of this study is to gener-
ate two-dimensional tomography images using
Rayleigh wave dispersion characteristics for inves-
tigating the upper mantle up to the crust of the
Caucasus area. In this domain many studies have
been done to image the tomography velocity maps
using different tomography methods, and most of
the studies have been conducted by body waves on
a large-small-scale and deep.

Since the amplitudes of surface waves are many
times greater than those of body waves and they
conceal the body waves in seismic records and
make it difficult to process and interpret; and also
because seismic surface waves sample the near sur-
face of the Earth rather than deep Earth, they are
especially suitable to use in surveys for environ-
mental or Geotechnical applications. The best way
of using seismic surface waves in extracting in-
formation on the subsurface is to compute their
dispersion relationships and then to apply an in-
version scheme to the obtained dispersion curves
[Jin and Colby, 1991]. Therefore, preparing 2D to-
mographic maps and accurate imaging of the geo-
logical structure based on surface wave dispersion
curves is useful for investigating the velocity struc-
ture of the study area and we chose this method.

We applied 2D inversion procedure to gener-
ate tomography images of the Caucasus for un-
derstanding the velocity structure of the features
of the structure of the lithosphere based on in-
creasing and decreasing wave velocity anoma-
lies. The Rayleigh wave group velocity dispersion
curves for each source-station path (single-station
method) using the Herrmann’s do_mft package
[Herrmann, 2013] was estimated. Then, using a
2D-linear inversion method developed by Ditmar
and Yanovskaya [Ditmar and Yanovskaya, 1987]
and Yanovskaya and Ditmar [Yanovskaya and Dit-
mar, 1990], the 2D group velocity maps were gen-
erated. To do this, the local-regional earthquake
data recorded by the 49 broadband stations (Ta-
ble 1) were used. The results of tomography maps
are presented for a period of 5 to 70 s. Our re-
sults for the lower periods show distinct velocity
anomalies in the basins, along the faults, and be-
neath the volcanoes. The velocity maps for the
medium and the long periods reveal fast and ultra
slow velocity anomalies in the different geological
units of the Caucasus.

Some tomography studies have been conducted
related to the estimation of the crustal thickness
beneath this region e.g., NW Iran: [Rahimi et al.,
2014], EAAC: [Skobeltsyn et al., 2014], Caucasus:
[Koulakov et al., 2012; Zabelina et al., 2016]. Our
results are consistent with structures of the ma-
jor geological units in the region and outcomes of
the mentioned studies as well. However, the ex-
istence of a denser network of stations could be
helpful in determining small-scale or large-scale
velocity anomalies. This study benefits from a rich
earthquake database (1999–2018) and new perma-
nent seismic stations installed in NW Iran, Russia,
Armenia, Turkey, Azerbaijan, and Georgia, which
provides much better ray path coverage in the Cau-
casus for the resolution of tomography velocity im-
ages. In interpreting the tomographic maps of
this study, the results of other studies of various
tomographic methods performed in the Caucasus
to provide more comprehensive information to re-
searchers were used.

2 Data and resolution parameters of
the tomography images

2.1 Data

The study area is situated in the territory of
the Caucasus with Longitude: 38◦–53◦ and Lati-
tude: 37◦–44◦ Figure 2a, b. Figure 2a–2f shows
the study area, epicenters of earthquakes, stations,
paths coverage and histogram of ray distribution
with respect to the periods. To conducte this
study about 19 years (∼1300 local-regional events;
M ≥ 3.9 and 30,000 vertical (Z) component) seis-
mic data, collected during 1999–2018 recorded
by Seismic Network Incorporated Research Insti-
tutions for Seismology (IRIS), Iranian Seismologi-
cal Center (IRSC), International Institute of Earth-
quake Engineering and Seismology (IIEES), and
temporary network of the Institute for Advanced
Studies in Basic Sciences (IASBS) were processed.
Seismic network consists of 49 broadband seis-
mometers.

2.2 Images resolution parameters

The resolution and density of the paths and
their balance distribution in our case study depend
on the geometry of the seismic array and earth-
quakes data distribution that can limit the num-
ber of available paths for some directions. The
dense raypath controls the validity-high resolution
of tomography maps (red shads in Figure 3 and
6 – averaging area (L) and stretching ε ). So, the
number of paths change for different periods and
depth (see section Appendix A, Table A1 and Fig-
ure 6). Figure 6 show the variations in resolution
parameters such as the stretching (ε), averaging
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Figure 2: The earthquakes (red circles) used in this study. b) Locations of the stations. c) The number
of rays in each period comparative to the period in this study. d) Distribution of stations and
inter-station path coverage at period 40 s. Figures e–d, f show the ray paths coverage (yellow lines) at
period 5 and 10 s.

area (L), data density, velocity, and cell size of the
0.2◦ × 0.5◦ (20 × 50 km2) for the periods of short-
medium-long in this study.

The Yanovskaya’s methodology [Yanovskaya,
1997] to calculate the spatial resolution and the
azimuthal coverage was used, which varies from
20 to 50 km in the study region. A functional
S(x,y) is calculated for different orientations of the
coordinate system in order to determine sizes of
the averaging area along different directions.

The averaging area, can be approximated by an
ellipse, centred at a point of the study region, with
axes equal to the largest and the smallest values of
S(x,y). The size of the averaging area along differ-

ent directions are defined by S(x,y), which gives
an idea of the resolution in each point (x,y). It is
approximated by an ellipse with half-axes of the
Smax(x,y) and Smin(x,y). The smallest [Smin(x,y)]
and largest [Smax(x,y)] axes of the ellipse are cal-
culated, and the resolution at each point is given
by the mean size of the averaging area:

L = (Smin (x,y) + Smax (x,y))/2.

The resolution length in a tomographic inver-
sion is approximated with an ellipse at the centre
of a point, which gives us an estimate of the resolu-
tion [Yanovskaya et al., 1998]. The resolution length
defines the mean size of the averaging area (L)
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Table 1: Information of the considered seismic networks in study area

Station Code Station name Longitude (◦) Latitude (◦) Network Code Data Center Website

GNI / GSS Garni, Armenia 44.7241 40.1341 IU (IRIS/USGS)
A0: National Seismic Network of Ar-
menia https://www.fdsn.org/net

works/?initial=G

GANJ Ganja, Azerbaijan 46.3297 40.6519 IU (IRIS/USGS)
AB: National Seismic Network of
Azerbaijan https://www.fdsn.org

/networks/detail/AB/

QZX Qazah, Azerbaijan 45.3721 41.0481 IU (IRIS/USGS)
ZKT Zakatala, Azerbaijan 46.6311 41.6411 IU (IRIS/USGS)

GOB Qobu, Azerbaijan 49.7130 40.4047 RSSCA
Republican Seismic Survey Center of
Azerbaijan https://www.seismolo

gy.az/

AKH Akhalkalaki 43.4929 41.4111 IU (IRIS/USGS)
GO: National Seismic Network of
Georgia https://www.fdsn.org/n

etworks/detail/GO/

BATM — 41.6936 41.6041 IU (IRIS/USGS)
BGD Ninotsminda 43.5985 41.2645 IU (IRIS/USGS)

CHVG Chkavaleri 42.0841 42.71833 IU (IRIS/USGS)
DDFL Dedoflistskaro 46.1183 41.44580 IU (IRIS/USGS)
DGRG DGRG - GAREJI 45.3731 41.45072 IU (IRIS/USGS)
GUDG Gudauri 44.4772 42.4646 IU (IRIS/USGS)
KZRT Kazreti 44.3987 41.3866 IU (IRIS/USGS)
LGD Lagodekhi 46.2421 41.8343 IU (IRIS/USGS)
ONI Oni 43.4524 42.5905 IU (IRIS/USGS)

SEAG TbilisiSea 44.8036 41.7635 IU (IRIS/USGS)
TBLG Delisi, Georgia 44.7381 41.7309 IU (IRIS/USGS)
TRLG Trialeti 44.1017 41.5392 IU (IRIS/USGS)

ANDN ANDIRIN, TURKEY 37.5811 36.3452 IU (IRIS/USGS)
TU: National Seismic Network of
Turkey (DDA) https://www.fdsn.o
rg/networks/detail/TU/

AYDN TASOLUK, TURKEY 37.6608 27.8792 IU (IRIS/USGS)
BALY BALYA, TURKEY 39.7403 27.6195 IU (IRIS/USGS)
BORA ESKISEHIR, TURKEY 39.8801 30.4534 IU (IRIS/USGS)
DIGO KARS, TURKEY 40.4147 43.3742 IU (IRIS/USGS)
EPOS POSOF, TURKEY 41.5035 42.7279 IU (IRIS/USGS)
ERBA ERBA, TURKEY 40.6814 36.7547 IU (IRIS/USGS)
HAKT HAKKARI, TURKEY 37.5579 43.7071 IU (IRIS/USGS)
ILGA ILGAZ, TURKEY 41.0521 33.7165 IU (IRIS/USGS)
KELT KELKIT, TURKEY 40.1486 39.2556 IU (IRIS/USGS)
KEMA KEMALIYE, TURKEY 39.2688 38.4932 IU (IRIS/USGS)

VANB Gevas, Van sir 39.57798 28.63232 IU (IRIS/USGS)
TK: National Strong-Motion Network
of Turkey (TR-NSMN) https://www.
fdsn.org/networks/detail/TK/

CUKT Gerede, Bolu 40.7924 32.2059 IU (IRIS/USGS)
TASB Tefenni, Burdur 37.3160 29.7791 IU (IRIS/USGS)
MLAZ Merkez, Edirne 41.6704 26.5858 IU (IRIS/USGS)
AKDM Merkez, Erzurum 39.8733 41.2226 IU (IRIS/USGS)
AGRB Iskenderun, Hatay 36.5571 36.1747 IU (IRIS/USGS)
SIRT Karaburun, Izmir 38.6390 26.5127 IU (IRIS/USGS)

GURO Marmaris, Mugla 36.8394 28.2448 IU (IRIS/USGS)
KARS Susehri, Sivas 40.1692 38.1063 IU (IRIS/USGS)
DIGO Dursunbey, Balike 38.2963 43.1197 IU (IRIS/USGS)

FTBB — 46.3944 38.0171 IRSC
Iranian Seismological Center (IRSC)
http://www.irsc.ut.ac.ir/istn

.php

TAHR — 47.0513 38.4894 IRSC
TBZ Tabriz 46.1498 38.2348 IRSC

TVRZ — 46.6675 38.5042 IRSC

BRND — 48.5680 37.2483 IASBS
Institute for Advanced Studies in Ba-
sic Sciences (IASBS), https://iasb
s.ac.ir

KUTE — 48.8038 38.3046 IASBS
SARA Sarab 45.5654 37.8634 IASBS

GRMI Germi (Ardebil) 47.8940 38.8100 INSN
Iranian National Seismological Cen-
ter http://www.iiees.ac.ir/

MAKU Maku (Urmia) 44.6829 39.3550 INSN
(http://www.iiees.ac.ir/en/ira
nian-national-broadband-seism

ic-network/)

KIV Kislovodsk, Russia 43.9562 42.6888 IRISDMC
II: Global Seismograph Network -
IRIS/IDA https://www.fdsn.org/n

etworks/detail/II/
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Figure 3: The important role of the regularization parameter (α) in tomography images resolution.
Calculations of group velocity maps are imaged for several regularization parameter (α). Decrease in
α gives a sharper solution region with an increase in solution error, whereas increasing α results in
smoothing of the solution region with decreasing solution error. The small solution errors by testing
different α values (α = 0.1, 0.2, and 0.3) and observing the number of rays path passing through each
cell size of 0.2◦ × 0.5◦ by running the specialized computer codes in MATLAB software, which was
determined in this study. The σ is an estimate of the standard error of the data.

for tomography maps by just using Figure 3 and
6 estimates, as the overall resolution which has a
much uniform structure due to increased number
of paths.

The second test for the quality of the tomo-
graphic inversion is the stretching (ε) parameter of

the averaging area which defines how ray paths are
uniformly distributed which provides information
on the azimuthual distribution of the ray paths and
is given by the ratio:

ε = (Smax (x,y)− Smin (x,y))

/(Smax (x,y) + Smin(x,y)).
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Large values of the stretching (ε) parameter
(usually ε > 1) imply that the paths have a pre-
ferred orientation and along this preferential di-
rection is likely to be quite small. On the contrary,
small values of the stretching (ε) parameter im-
ply that the paths are more or less uniformly dis-
tributed along all directions; hence the resolution
at each point can be represented by the mean size
of the averaging area (Figure 3 and 6, Table A1).

Figure 3 shows the important role of the regu-
larization parameter (α) in 2D tomography images
resolution (e.g., number of paths in each period,
distribution of stations and earthquakes, ray cov-
erage between seismic epicenters-stations). Dis-
tribution of stations and earthquakes determines
the amount the data density, which is beyond our
control. The values of the stretching (ε) are be-
tween 0.5 and 0.95 in most part of the study area
at the fourteen periods. The averaging area value
is larger than ∼150, with its maximum equal to
∼2800. This indicates that the azimuthal distri-
bution of the paths is sufficiently uniform and the
resolution is almost the same along any direction.
The dense rays path distribution (Figure 3 and 6,
α = 0.2) controls the reliability and the high reso-
lution of tomography results (red shads in averag-
ing area (L) and stretching (ε)).

Therefore, stretching (ε) and averaging area (L)
values are two parameters that indicate the orien-
tation and resolution of the different areas within
the study area for each period and at any latitude
(Y ) and longitude (X) direction. Figure 6 illus-
trates the variation of all parameters for periods of
5–70 s. The Yanovskaya’s methodology is used to
calculate the spatial resolution, which varies from
20 to 50 km in our study region. We constructed
the high resolution 2D tomography velocity model
in Caucasus by inverting the pure path of Rayleigh
wave dispersion curves at 1050 (35 × 30 = 1050)
nodes using a grid with cell size of 0.2◦ × 0.5◦ (20
× 50 km2) (Figure 6). As mentioned, the data den-
sity shows the distribution of stations and earth-
quakes, which is beyond our control.

3 Methodology

3.1 Dispersion curves measurement

The first step for the calculation of surface waves
dispersion curves is the exploratory analysis of the
waveform data to select the events with acceptable
signal-to-noise ratios (SNR). The Rayleigh disper-
sion curves have been extracted from the vertical
(Z) components of the velocity records, after re-
moving the instrument responses given by the cal-
ibration sheet of the instruments.

After preparing the earthquakes waveform and
preliminary corrections on it, for each station-

earthquake pair (single-station method), the group
velocity dispersion curve of Rayleigh waves by ap-
plying the Herrmann’s do_mft package [Herrmann,
2013] to the vertical (Z) component of motion on
each event is estimated. Modified sacmft96 work
around problems with improper station and com-
ponent specifications in Sac files. Sacmft96 is
called do_mft for interactive analysis of group ve-
locities and spectral amplitudes. SAC (Seismic
Analysis Code) is a general purpose interactive
program designed for the study of sequential sig-
nals, especially time series data.

In fact, the frequency-time analysis of surface
waves is used to estimate the dispersion curves.
This method is used for estimating phase and
group velocity of surface waves. It passed the pre-
processed signal through a system of narrow-band
filters in which the central frequency is varying
and the amplitude of filter outputs is visualized in
time and frequency domains. Then, on the do_mft

diagram, the group velocity dispersion curve for
each path is obtained. Figure 4 shows an example
of determining group velocity dispersion curve for
the vertical (Z) component of the Garni (GNI) sta-
tion (Armenia) using do_mft processing.

To conduct this, we applied Herrmann’s do_mft
package on waveforms of ∼1300 earthquakes
recorded by the 49 stations in the Caucasus region.
We then processed more than ∼30,000 vertical (Z)
component of dispersion curves (Figure 4g). For
this purpose, first, in Ubuntu system the earth-
quake data (miniSEED format) was converted to a
SAC file format and then the fundamental mode of
the Rayleigh wave for each vertical (Z) component
using the do_mft package was determined.

3.2 Group velocity measurement and data
quality

The number of inter-station paths increases with
the square of the number of stations, but not all
paths can be used to obtain a high-quality disper-
sion curve. The number of inter-station paths in-
creases with the square of the number of stations,
but not all paths can be used to obtain a high-
quality dispersion curve. In order to obtain a valid
tomography output and minimize the workload,
some data quality control criteria should be con-
sidered to identify and remove incorrect measure-
ments.

In this study, we use three criteria to select
data: First, selecting the events with minimum
M ≥ 3.9 and reject M ≤ 3.8 due few dispersion
points that can be picked and the large variations.
Second, the SNR greater than 5 (to analysis and
make a good data bank in time domain, which it
is not affected much for different period ranges of
5 to 70 s in our study). The range and signal-to-
noise ratio (SNR) of the data between 10 seconds
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Figure 4: Different steps of determining the dispersion curve (fundamental mode- red shade) using
do_mft package. a) Raw waveform, b) radial component, c) cleaned seismogram traces recorded in GNI
(Garni, Armenia) station. d) high-energy area of the seismic signal to determine the dispersion curve
using do_mft package and its energy peak e) cleaned seismogram traces f) the picked dispersion curve
related high-energy area (the spectral amplitude of fundamental mode) of the seismic signal in d, and
g) dispersion curves (∼ 30,000 curves). The vertical red lines (with the alphabet ‘O’ above them) show
the onset of chosen pickfile by SAC software (automatic default of start reading of arrival time).

and 100 seconds is desirable, and in this research,
the data with low S/N have been omitted. In
fact, we measure the group velocity of the disper-
sive Rayleigh wave by using multichannel Fourier
transformation (MFT) method [e.g., Herrmann and
Ammon, 2004] between 5–70 s (Figure 4g).

The third criterion on the quality of the solution
is travel time residual (unaccounted) (σ ). Since it
has been assumed that the unaccounted residuals
are random, σ can be accepted as an estimate of
the standard error of the data. As soon as a solu-
tion for lateral velocity variations is obtained, re-
maining travel time residuals are calculated along
all paths. Some of them may be large due to mea-
surement errors and other factors. To decrease
the effect of large errors, the data with the resid-
uals larger than 3σ are rejected, and the procedure
of tomographic reconstruction is repeated. Such
selection of the data is performed several times,
until no large residuals are remained in the data
set [Yanovskaya et al., 1998]. The standard devia-
tion (σ ) with selecting the regularization parame-
ter α = 0.2 is reasonably low which showing the
stability of the method (Figure 6).

3.3 Inversion and 2D tomography

We applied the inversion technique developed
by Ditmar-Yanovskaya [Ditmar and Yanovskaya,

1987] to generate the local group velocity maps at
selected periods 5 to 70 s. The result of this to-
mography technique is the distribution of group
velocities at different grid points throughout the
region, which are used to generate group velocity
maps. For each period, the tomographic method
finds the solutions of group velocities, V (x,y), that
minimize the following function:

(d −Gm)T (d −GM) +α

∫∫
|∇m(X)|2dX = min

in which d = t − t0 is an input data vector, and t0
are observed and computed travel time along each
path, G is data kernel, and m(x,y) is defined as:

m (X) = (V −1(X)−V −1
0 )V0,

where x and y indicate the longitude and lati-
tude, respectively, V (x,y) is the group velocity at
point (x,y), V 0 is the reference average group ve-
locity, and α is a parameter that controls the trade-
off of smoothness and fitness of the output veloc-
ities. Increasing α parameter means increasing
the smoothness and reducing the fitness and con-
versely.

Phase velocity maps are calculated by testing
several regularization parameters (α = 0.05, 0.1,
0.2 and 0.3). Decrease in α gives a sharper solution
region with an increase in solution error, whereas
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Figure 5: The Central Eurasian-Arabian collision zone and labeled geological units discussed in the
interpretation of 2D tomography maps of the study area. Retrieved from [Adamia et al., 2011].
Abbreviations: F = fault, Sab. = Sabalan, Sah. = Sahand, Sam. = Samadi, Nem. = Nemrout, Sup. =
Suphan, Ten. = Tendourek, Ar. = Ararat, EAAC = East Anatolian Accretionary Complex, Arg. =
Aragats, El. = Elbrus, Kaz. = Kazbek, Ya. = Yanardag (natural gas fire on a hillside), RB = Rioni Basin,
PT = Pontide, BM = Bitlis Massif, TAL = Talesh, KB = Kura Basin, LV = Lake Van, LU = Lake Urmia,
LS = Lake Sevan, MD = Mingachevir Dam, SCB = South Caspian Basin, EBSB = Eastern Blake Sea
Basin, Na. = Nakhchivan, and PSSF = Pambak-Sevan-Syunik Fault. The thick black line denotes major
plate boundaries in Caucasus.

increase in α leads to a smoothing of the solution
region with decrease in solution error. We used
the value of α = 0.2, which gives relatively smooth
maps with small solution errors. The small solu-
tion errors by testing different α values and observing
the number of rays passing through each cell size of
0.2◦ ×0.5◦ by running the specialized computer codes
in MATLAB software in this study was conducted (see
Figure 3). So, did not use the old methods (such as the
checkerboard test).

4 Interpretation of the results of to-
mographic maps for different peri-
ods

Figure 5 shows the labeled geological units (e.g.,
GC, LC, SCB, . . . ), faults, volcanoes, rivers, and

basins that used for interpretation the 2D tomog-
raphy maps in this study.

Since the velocity of waves in the Earth increases
with increasing depth, the longer wavelength (low
frequency) waves can travel faster than the shorter
wavelength (high frequency) waves. The propa-
gation velocity of seismic waves depends on den-
sity and elasticity of the medium as well as the
type of wave. Velocity tends to increase with
depth through Earth’s crust and mantle, but drops
sharply going from the mantle to outer core. Typ-
ical speeds for Rayleigh waves are on the order of
1 to 5 km/s [Ammon, 2019].

The earthquakes waves are originating in Earth’s
crust or upper mantle, which travel more rapidly
through cold, dense regions, and more slowly
through hotter rocks. In accordance with the com-
mentary of seismic tomography images [e.g., Be-
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Figure 6: Variations in the 2D Rayleigh wave group velocity tomography maps and resolution
parameters (averaging area (L), stretching value (ε), and data density) for short-periods (5, 10, 15, 20,
25 s), medium-periods (30, 35, 40, 45 s), and long-periods (50, 55, 60, 65, 70 s). The numbers 0.2◦ and
0.5◦ (at period 10 s) show the cell sizes used in this study. The white lines are faults, gray triangles are
volcanoes and mountains, white triangles are seismic stations, and red circules show the epicenter of
earthquakes. The yellow lines show the rays coverage between data and seismic stations. The gray lines
show the inter-stations paths.

dle and van der Lee, 2009; Porter et al., 2019] from
within the Earth, the colors show anomalies in
rigidity, which correlate with temperature anoma-
lies. Hence, the dark blue-green-yellow shades
mean colder and stiffer rock (fast regions) that are
the remnants of an old tectonic plate that has been
subducted underneath the Earth plates (large cold
and aseismic area during million years) and dark
red-orange shades mean warmer and weaker (slow
regions).

The generated tomography velocity maps in this
study (Figure 6) contain all of the above men-
tioned characteristics. Therefore, the commen-
tary of these tomography maps based on the above
specifications and comparison with the results of

other tomography studies (different methods) per-
formed in the region for velocity anomalies at
different periods and depths is followed. Fig-
ure 5 shows the active tectonic features of the colli-
sion zone of the Central Eurasian-Arabian and ge-
ological units discussed in the interpretation of 2D
tomography maps of the study area.

The minimum and maximum depth of our 2D
tomography model is controlled by the wave ve-
locity, shortest, and longest period of the observed
dispersion curve, respectively. We did not consider
periods longer than 70 s in the inversion procedure
because of the low ray coverage for T > 70 s (Fig-
ure 4 g).
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Figure 6: (continued).

As a rule of thumb, the maximum penetrating
depth of the waves is defined by:

Depth =
2
3
λ =

2
3

V
F
,

and

F =
1
T
⇒Depth =

2
3
V T ,

where λ is wavelength,V (velocity), F (frequency),
and T (period). For example, from Figure 6 the
range of group velocity for the period of 5 s is be-
tween 1.8 and 4 km/s, so the maximum depth will
be in the range of 6 to 13.33 km.

Table A1 and A2 show quantitative information
about the depth variations in different periods. As
the sensitivity of depth was discussed in above, it is
clear that the shallow structures (e.g., sedimentary
basins such as SCB, KB, EBSB) are controled by the
dispersion curves at short periods, while longer pe-
riods are more influenced by deeper structures.

For the short-periods of 5 to 25 s in our study (Fig-
ure 6), Rayleigh waves velocity are sensitive to the
crust within a thickness less than 6 to 51.66 km,
and they sample the whole crust with the maxi-
mum sensitivity at approximately 51.66 km. The
velocity of Rayleigh waves at short periods, is con-
taining information relative to shallow geological
features, like sedimentary basins, topography (up-
lifts), and volcanic complexes. In the tomography
maps of 5 and 10 s, we observe a relatively high-
velocity anomaly along the southern Azerbaijan,
TAL (Talesh), Sheki, BM, Tbilisi, Grozny (Terek
basin), and Elbrus–Aragats–Kazbek volcanic com-
plexes, which are confined by low-velocity anoma-
lies in the SCB, KD, RB, Alazani, EBSB, EAAC, and
eastern part of NTF.

We interpret that the low group velocities in the
SCB, KB, RB, Alazani, and EBSB basins are re-
lated to the presence of thick sediments (∼7 to
15 km; [Jackson et al., 2002] and the low-velocity
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zone beneath the volcanic complexes (e.g., Elbrus,
Kazbek, Ararat, Aragats, Sahand) could be due to
the high temperature of the volcanic rocks or shal-
low magma chamber beneath these volcanoes. In
contrast, the high-velocity zones beneath the vol-
canoes could be due to low temperature volcanic
rock or a deeper magma chamber.

In the Lesser Caucasus, there is the link between
the volcanic manifestations and low-velocity pat-
terns, but it is not as clear as in the Greater Cau-
casus. The Gegham volcanic group in Armenia
also match with the location of the low-velocity
anomaly, while one exception is for the Aragats
volcano group in Armenia, which is situated with
high-velocity feature (however, our tomography map
at period of 5 s, reveals a small low-velocity zone on
the northwest slope of Aragats volcano at a depth of
∼7 km, which is different from the results of other
studies). According to studies [e.g., Koulakov et al.,
2012; Zabelina et al., 2016], this feature might be
explained by the old age of this volcano which does
not express any activity for more than half million
years. This low-velocity is clearly consistent with
the Kars volcanic group in northeastern Turkey
and Javakheti (Dzhavakheti) in southern Georgia,
which includes the Bakuiani, Samsary, and Di-
diduli mountains. In the LC, TAL, Elbrus, GC, and
Kars altitudes, high- and low-velocity anomalies
are seen at short (T < 25 s), medium (T < 45 s) and
long (T > 50 s) periods, respectively, and they were
interpreted as relative thickening of the crust.

For example, about the low-velocity beneath the
volcanoes, [Milyukov et al., 2018], showed the loca-
tion of a magma chamber at depths of 1–8 km and
extended magma source at depths of 15–40 km
beneath the Elbrus eastern summit. The tomo-
graphic images of our study (T = 10 and 15 s) in
the presence of the orange spots beneath the El-
brus and Ararat volcanoes with an approximate
depth of 31 km (Figure 6) are consistent with the
mentioned study of Milyukov.

Also, high-velocity anomalies observe beneath
the volcanoes in the GC, LC, NW Iran, and EAAC
(T = 15, 20, and 25 s) and extend over the study
area; that may indicate a transition from warm
magmatic rocks to cold ones. Meanwhile, along
the BM, PT, GC, and LC low-velocity zones are ob-
served, which can be related to the sedimentary
and upper Paleozoic-Triassic metamorphic rocks
in these supercomplexes [Adamia et al., 2011].

On the obtained tomography maps in our study
the broad low-velocity zone in the SCB, Baku–
Kura, Central Armenia Block (CAB), and Sevan
is observed. Some studies [e.g., Abbasov, 2016;
Bochud, 2011] have identified the presence of hy-
drocarbon resources (several abundant major oil
and gas fields) in the mentioned Troughs in Pale-
ogene and Neogene strata. So, our obtained low-

velocity maps could be a strong reason for this sit-
uation.

We infer that the comparison of surface velocity
maps of the middle and lower crust [e.g., Koulakov
et al., 2012; Zabelina et al., 2016], reveals this fea-
ture in the transition zone from SCB and KB to
NW Iran, in which, the lower crust has high sur-
face wave velocity (3.6 km/s) below Talesh, Tran-
scaucasus Massif (TCM), and Kazbek (due to on-
going subduction or underthrusting of the Kura
Basin lithosphere under the Scythian platform and
existence of a stable and thick mantle). Contrar-
ily, velocity decreases about 2.1 to 2.4 km/s below
LC, EAAC, SCB, KB, Tabriz fault, Sahand, BM, and
Yanardagh mountain (due to very thin lithosphere
< 100 km or thin mantle coverage). In addition,
the shallow Curie point depth observed by [Ay-
dın et al., 2005], which implies a shallow magma
source, is well correlated with the observed our
study low group velocities in the EAAC, Lake Van,
and Lake Urmieh sedimentary basin.

Sun [2004], determined the depths of Moho (20–
40 km) in Caucasus for different geological units.
Also, in accordance with [Fang, 2010], the hot ma-
terial of the uppermost mantle may migrate to the
crust along the offset of Moho discontinuity, and
intrusion of mantle material heats up the lower
crust and can cause the reduction of seismic ve-
locity. So, about the low-velocity anomalies at pe-
riods between 15 and 20 s (∼ 26 < depth ≲ 42 km
– in our study), we conclude that the discontinuity
of the Moho could be the strong reason (see sec-
tion Appendix A, Figure A1).

The low-velocity regions (e.g., Ganja city, Min-
gachevir Damand, Sheki, Lake Van, Nakhchivan)
that are located on a segment of Tabriz-Balykgel,
Garni, PSS and Akerin faults, could be affected by
fault thermal interactions. Also, the existence of
basaltic eruptions in the Quaternary period, which
confines it to late Pliocene folding, the tectonic ac-
tivity of the faults, can be attributed to observed
low-velocity anomalies inside the crust, as pro-
posed by [Keskin, 2003].

In medium-periods (30 to 45 s), according to the
penetrating depth of surface waves (2λ/3), the
waves are primarily sensitive to depths between
68 to 108 km, and contains the velocity changes
in the lower crust up to the uppermost mantle lid.

In most parts of NW Iran and LC (at T = 15 −
35 s), the velocities are approximately the same
and show slight variation, which, indicates a lat-
erally smooth velocity structure of the crust in
these regions. In the SCB, Baku, and KB, the low-
velocity anomaly is observed not only for short pe-
riods (T = 5 − 25 s) consistently with a thin or ab-
sent mantle lid, but also at medium-periods (T =
30 − 45 s). This indicates that the anomaly is not
limited to the upper mantle, but it extends into
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the lower crust where we observed lower veloci-
ties within the crust in the region of study. In this
case, the main process of such intrusion, whose
amount is reduced toward NW Iran, could be re-
lated to the existence of partial melting zones in-
side the crust [e.g., Zabelina et al., 2016]. This con-
dition in EAAC and located at the east and north-
east of Lake Van shows probably the shallowest
LAB (lithosphere-asthenosphere-boundary) depth
in the study area. The high-velocity in the lower
crust of SCB relative to NW Iran is probably be-
cause of the oceanic source of the lower crust in
this region. High plateaus of EAAC and NW Iran
are supported by hot asthenosphere with a wide
spread uppermost mantle derived volcanism, and
the very shallow LAB (∼70 km) of EAAC region
[e.g., Skobeltsyn et al., 2014].

The prominent low-velocity area in the South-
ern Armenia Block on the Garni fault and the
Zangezur Zone, could be evidence of interactions
in the LAB or the LVZ (low-velocity-zone) discon-
tinuities due to the sudden change in wave ve-
locity from very high to low (5.04 to 2.52 km/s);
[see section Appendix A, Figure A1]. In this
case, seismic waves pass through the lithosphere-
asthenosphere very slowly and wave velocity re-
duction from lithosphere to asthenosphere, could
be caused by the presence of a very small per-
centage of melt in the asthenosphere. The upper
mantle LVZ is a depth interval with slightly re-
duced seismic velocity compared to the surround-
ing depth intervals. The zone is present below a
relatively constant depth of 100 km (in our study
depth of 104 km, Figure A1) in most continental
parts of the world [Thybo, 2006]. The LVZ, extends
from about 65 to 220 km depth in the ocean basins
[Presnall and Gudfinnsson, 2011].

About the low-velocity in NE Nakhchivan, based
on study of [Sosson et al., 2010], we interpret that
due to the upper Devonian (the fourth period
of the Paleozoic era) and Permian (the fifth pe-
riod of the Paleozoic era) rocks, these rocks could
be petroleum source rocks. Silurian and Lower
and Middle Devonian marine clastic and carbonate
rocks crop out in Nakhchivan and are presumed
to be present in Armenia (Syunik highlands, Goris
and Sisian cities).

Observed low-velocity in the western GC and
high-velocity in the eastern GC could be in accor-
dance with the interpretation of [Ruppel and Mc-
Nutt, 1990], in which they suggested a weak, hot
and thermally altered lithosphere under the west-
ern Greater Caucasus as opposed to a more elastic
and cold lithosphere in the eastern Greater Cauca-
sus.

The results for the long-periods (50–70 s – Fig-
ure 6) are different, and the north, northwest, and
western areas (e.g., the western GC, LC, EAAC,

EBSB, RB) show ultra-low group velocities, while
the eastern and southern areas (e.g., the SCB, Azer-
baijan, KB, TAL, NW Iran) show ultra-high group
velocities. In this case (at a depth of ∼180 km), the
Rayleigh waves are mostly affected by the struc-
ture of the uppermost mantle velocity. We ar-
gue that lithospheric interactions generate low-
velocity anomalies (due to thin lithosphere mantle,
thin mantle cap) and high-velocity (mainly due to
the stable continental mantle cap or an ocean-like
cover).

For these deep areas lithospheric interactions
is a mechanism of feeding the volcanoes due to
the delaminated (missing) lithosphere detached
due to collisional processes and overheated as-
thenosphere appears to be very close to the bot-
tom of the crust and heats the crustal rocks, leads
to active melting and forming magma reservoirs.
Also, we infer that the occurrence of deep earth-
quakes (for example 2015-09-12 02:08:49, Lati-
tude 43.67◦N, Longitude 45.74◦E, depth 121.66 m,
M4, NEIC, eastern Caucasus in our study) could
be a reason of thermal interactions beneath the
Caucasus (east to west) due to active subduc-
tion (subducted, detached, and torn slabs) which
presents a potentially larger seismic hazard than
previously recognized and may explain historical
records of large magnitude (∼8) seismicity in this
region [e.g., Mumladze et al., 2015]. These com-
mentaries are in good agreement with observed
low-velocity anomalies at long-periods in Cauca-
sus [e.g., Koulakov et al., 2012].

A study of [Mangino and Priestley, 1998] indi-
cates the high-velocity anomaly in the SCB that
extends beneath Talesh, with a limited under-
thrusting of the SCB beneath Talesh which this re-
sult is in agreement with our high-velocity anoma-
lies in the SCB and Talesh at long-periods (T =
50 to 70 s). Alternatively, this very high-velocity
anomaly may be a lithospheric root that under-
lies the Kura Basin. However, as mentioned above,
occurrence of deep earthquakes (100 to 250 km)
in the north of the eastern Greater Caucasus are
suggestive of ever-evolving subduction or under-
thrusting of the Kura Basin lithosphere beneath
the eastern part of the Greater Caucasus [e.g., Ko-
vachev et al., 2009].

The pattern of the tomography velocity maps at
periods of 50 to 70 s are similar and the whole
Caucasus appears as a cratonic-like basement
and the north-northwest of the Caucasus is cov-
ered by an ultra low-velocity anomaly, while the
south-southeast areas are covered by an ultrahigh-
velocity anomaly. At periods after 50 s (page 10),
the group velocity map experiences lateral changes
of 1.7 to 5.04 km/s and almost the entirety of the
NW Iran, Armenia, Eastern Anatolia, and Geor-
gia has been covered with a low-velocity anomaly.
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These deep low-velocity zones follow the pattern
described above for the LVZ and LAB discontinu-
ities.

The existence of very deep low-velocity zone
was initially alerted by seismologists and they gave
some information about its physical properties, as
the speed of seismic waves decreases with decreas-
ing rigidity. Tomography maps at these depths
(∼160 km) show the effects of pasty and hot melt
or perhaps magma chambers beneath the plateau
area, and thus making possible volcanic activities
in the future [e.g., Condie, 2001].

At the depths joint between the lithosphere-
asthenosphere and the upper mantle; anomalies
accumulation, inhomogeneities, onset of dry melt-
ing in the convecting mantle, and antagonistic be-
haviors (due to continuous changes in tempera-
ture of the plate tectonic activity and hot astheno-
spheric diapirs intrusion), the surface waves have
variable behavior. Diagram of depth vs temper-
ature of melting also shows that after depth of
100 km, the temperature has a significant upward
trend and reaches to the 1400 ◦C at a depth of
150 km, which indicates that the upper mantle lid
is covered with hot molten material [e.g., Sugden
et al., 2018].

At periods ranging from 50 to 70 s, NW Iran,
GC, LC, and EAAC are dominated by a process
of increasing temperature and a significant de-
crease in surface wave velocity. For these deep
low-velocity anomalies, it appears the lithosphere-
asthenosphere is hot beneath these areas. In con-
trast, for high-velocity regions; the upper mantle
is thought to have been rejuvenated by a phase of
upwelling mantle, and this metasomatic refertil-
ization of the upper Cratonic mantle has increased
its density and reduces seismic velocity [e.g., Bec-
caluva et al., 2007]. Although because of the poor
ray’s coverage at long-periods, points obtained us-
ing tomography should be interpreted with cau-
tion.

4.1 Some useful lithospheric hints in accor-
dance with previous studies in the enig-
matic Caucasus

Our study 2D derived tomography maps re-
veals diverse velocity structures in the crust up
to the uppermost mantle for the different geolog-
ical units include GC, LC, RB, KB, NW Iran, SCB,
EBCB, EAAC, TAL, BM, and several stratovolcano
complex such as Elbrus, Kazbek, Aragats, Ararat,
Sahand, and Sabalan to describe the regional tec-
tonic activity in ever evolving zone of the Eurasian-
Arabic plates, which these results are possibly as-
sociated with active tectonic processes occurring in
the Caucasus region.

In accordance with results of some previous
studies such as [e.g., Koulakov et al., 2012] and oth-

ers, the high-speed anomaly below the BM, PT,
and NW Iran (depth > 120 km) could be the rem-
nant segments of the the broken off chilled oceanic
lithosphere or hot traces generated as the slabs
were sinking into the mantle transition zone. Such
large downward movements (e.g., EAAC) are free
of extended lithospheric and indicates a very poor
to absent mantle lid (thin lithosphere) for EAAC.

The structures with dark-red stains with depth
up to ∼ 20 km mostly demonstrate the alterations
of deep sedimentary basins (e.g., SCB, EBSB, RB,
Alazani, Aras, and KB) and basement of uplifted
complexes (e.g., Elbrus, Kazbek). These promi-
nent significant low-velocity anomalies, which are
clearly expressed in our different periods of 2D to-
mography velocity maps, correspond to the veloc-
ity structure of the basins and volcanoes. The low-
velocity spots (dark-red stains) beneath the volca-
noes can also indicate a magma chamber.

The spread of high-velocity anomalies (dark
blue) in some regions of the Greater Caucasus (east
to west), northwest of Iran, BM and PT could
be due to the thick lithosphere in these geolog-
ical units with thicknesses ranging from 100 to
180 km. High-velocity anomalies after a depth
of 130 km in the southeastern side of the Greater
Caucasus (even SCB, Baku, northern part of the
TAL region) to be very complicated in terms of
tectonic activity due to continuous subduction.
Also, the high-velocity anomalies indicate anoma-
lous thickening of the crust during continental
collisions, leading to sinking parts of the mantle
lithosphere. The removal of the mantle part sig-
nificantly reduces the lithosphere’s strength and
causes more shortening and mountain building
and almost reaching to the ultra-hot (dark red) as-
thenosphere material.

Figure 7 shows the Caucasus 2D Rayleigh waves
velocity tomography maps at periods 5 to 70 s
with topographic coefficient (0.6) for comparing
the anisotropic and distinct distribution of veloc-
ity anomaly in the geological units of the Caucasus
with different short, medium, and long periods.
The boundary between the surrounding mountain
ranges and sediment basins is clearly outlined.

5 Discussion

The main goal of this study is investigating 2D
tomography maps using surface wave dispersion
in the Caucasus territory. Definitely, because of
the source mislocation and error in the determi-
nation of the basic parameters of earthquakes such
as the focal depth, latitude, longitude, and mag-
nitude, dispersion measurements are not free of
uncertainty. The prominent features of this study
is that: first, the modified earthquake database
that includes 19 years (1999–2018) was used and
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Figure 7: 2D Rayleigh velocity tomography maps for the Caucasus (periods of 5 to 70 s) with
topographic coefficient 0.6 and ∼ 30,000 processed vertical (Z) components of dispersion curve.

second, the study benefits from new seismic sta-
tions in northwest of Iran, Turkey, Georgia, Russia,
Azerbaijan, and Armenia which creates a suitable
coverage of the ray paths in the study area.

In this paper, the Caucasus 2D group velocity to-
mographic maps were successfully calculated us-
ing Rayleigh surface wave rays along with the res-
olution parameter maps, and those include the
averaging area (L), stretching (ε), and data den-
sity across the Caucasus territory for an equiva-
lent depth of ∼ 180 km and at a period between
5 to 70 s. We described 2D tomography velocity
maps variations in different major discontinuities,
including Crust up to the Upper Mantle relying
the increasing and decreasing the Rayleigh surface
wave velocity and the results of previous studies in
the study area.

Our study derived tomography maps reveal
strongly various velocity structures (low and fast)
for different geological units include GC, LC, RB,
KB, NW Iran, SCB, EBCB, EAAC, TAL, BM, and
several stratovolcano complexes such as Elbrus,

Kazbek, Aragats, Ararat, Sahand, and Sabalan to
more understand about the zonal tectonic activi-
ties in an ever-evolving deformations of the geo-
logical complexities of the Eurasia-Arabia plates.

As mentioned earlier, in comparison with pre-
vious tomographic studies with different meth-
ods, our results are consistent with the structures
of geological units such as sediment basins, vol-
canic complexes, and uplifts in this region. The
red shades (slow velocity) in our generated tomog-
raphy maps for short-periods represent the alter-
ations of deep-shallow sedimentary basins (e.g.,
SCB, EBSB, RB, Alazani, Aras, and KB) and up-
lifted basement complexes (e.g., GC, LC, and TAL).
In this regard, from the perspective of our study
tomography velocity maps (Figure 6), most vol-
canic complexes in the Caucasus (e.g., Elbrus,
Kazbek, Sahand, and Sabalan) is correlated with
low-speed anomalies.

Based on the results of other studies [e.g.,
Koulakov et al., 2012] the expansion of high-
velocity anomalies (dark blue-green shades) in
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some parts across the Greater Caucasus (east to
west), NW Iran, BM, and PT can be interpreted as
thick plate lithosphere in these regions from 100 to
180 km. The observation of high-velocity anoma-
lies after ∼130 km depth in the southeast side of
the Greater Caucasus (even SCB, Baku, north part
of TAL area) show that due to continuous subduc-
tion, they tend to be very complicated in terms of
the shape of tectonic activities. The basement of
Transcaucasus (T = 10 and 30 s), which separates
the Greater and Lesser Caucasus, is observed in the
low-velocity anomaly zone, which may represent
part of the interactions caused by the breaking of
rocks of the Orkhoi, Gali, and Gagra faults.

The results of resolution length (averaging
area – L) for most parts of the study area are about
50–150 km, but for marginal areas with low ray
coverage, these values are even more. The stretch-
ing (ε) parameter values are spatial distribution
(azimuthal coverage) of the paths, and large val-
ues of this parameter indicate the preferred orien-
tation of the paths. The distribution of the stations
and earthquakes controls the stretching (ε) param-
eter, which is beyond our control. Its smaller value
(usually ε < 1) indicates a uniform distribution of
rays and we obtained its value in our study about
0.7, which shows a uniform distribution and an
identical resolution along each path for most parts
of the study area (Figure 6 and Table A1).

6 Conclusions

To better understand the regional tectonic ac-
tivities in the Caucasus, Rayleigh wave dis-
persion curves across the Caucasus are ex-
tracted from ∼1300 earthquakes recorded at
49 permanent-temporary stations using the single-
station method at a period of 5 up to 70 s. These
high-resolution 2D tomography images give some
new information about the complex velocity struc-
tures, tectonic interactions, and hot-cold litho-
spheric activities based on the wave velocity (slow
and fast) changes at different period and depths in

the ever-evolving collision zone of the Eurasian-
Arabic plates. These maps show excellent agree-
ment with many features of the geological units in
the Caucasus.

The illustrated tomography maps of this study
with different velocities for the short-medium pe-
riods (5 ≤ T ≤ 45 s; depth of ∼ 6.66 to ∼ 108 km)
are more sensitive to structure of the upper crust
up to the lower crust. These periods (T = 5 to
45 s) represent the activities and velocity struc-
tures in the sediment basins, molten material,
magma chambers, and the uppermost part of the
mantle lid.

The depicted tomography maps at long-periods
(50 ≤ T ≤ 70 s; depth of ∼ 180 km) are more influ-
enced by the velocity structure of the uppermost
mantle. Through investigation and comparison
with the results of other studies in the Caucasus, it
shows that the ultralow-velocity anomalies at these
periods are mainly due to a thin lithosphere or due
to the absence of lithospheric mantle. Contrarily,
ultrahigh-velocities can be related to concentration
of liquids in the compartment and the lack of hot
asthenospheric diapirs.
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Appendix A

Table A1: Variations in the different parameters used in this study

Period
(T ) (Sec.)

Stretching
value (ε)

Data density
value

Averaging
area (L)

value (km)
Velocity (km/s) Depth= 2V T /3 (km)

5 0.6 < 160 ∼ 110 1.8 ≤ V ≤ 4.0 6 ≤Dep. ≤ 13.33
10 0.6 < 240 ∼ 110 2.0 ≤ V ≤ 4.2 13.33 ≤Dep. ≤ 26.66
15 0.5 < 160 ∼ 100 2.0 ≤ V ≤ 3.0 20 ≤Dep. ≤ 30
20 0.55 < 120 ∼ 110 2.5 ≤ V ≤ 4.4 33.33 ≤Dep. ≤ 58.66
25 0.6 < 80 ∼ 90 2.4 ≤ V ≤ 3.0 40 ≤Dep. ≤ 50
30 0.5 < 80 ∼ 150 2.2 ≤ V ≤ 3.4 44 ≤Dep. ≤ 68
35 < 0.5 ∼25 ∼ 180 2.6 ≤ V ≤ 3.6 60.66 ≤Dep. ≤ 84
40 ∼ 0.5 70 ∼ 200 1.6 ≤ V ≤ 3.6 42.66 ≤Dep. ≤ 96
45 0.7 < 8 ∼ 250 3.2 ≤ V ≤ 3.6 96 ≤Dep. ≤ 108
50 ∼ 0.85 ∼ 30 ∼ 250 1.7 ≤ V ≤ 5.04 56.66 ≤Dep. ≤ 168
55 0.90 < ∼ 30 ∼ 220 1.6 ≤ V ≤ 4.76 58.66 ≤Dep. ≤ 174.53
60 0.86 < ∼ 30 ∼ 220 1.5 ≤ V ≤ 2.52 60 ≤Dep. ≤ 100.8
65 0.8 < ∼ 23 ∼ 280 1.5 ≤ V ≤ 3.36 65 ≤Dep. ≤ 145.6
70 0.8 < ∼ 23 ∼ 290 1.4 ≤ V ≤ 3.37 65.33 ≤Dep. ≤ 157.26

Figure A1: In the calculations of this study, the drawing of kernel curves and velocity models for
different geological units or tectonic zones in the Caucasus territory (such as LC, GC, northwestern
Iran, EAAC, etc.) due to the workload of data processing was avoided. In contrast,
velocity-depth-period curves, in order to estimate the approximate position of the Moho, LAB, and
LVZ discontinuities using increasing and decreasing wave velocity versus depth-period (only to
describe 2D tomographic maps obtained at long-medium periods) were plotted. For this purpose,
specialized computer codes in MATLAB software, Stock Method, and Riemann Sum were used.
Figs. a) and b) show the diagram of velocity changes vs. depth-period. c) Velocity model corresponding
to the possible LAB, Moho, and LVZ relative to the group velocity. d) A sample of receiver function
signal (observational – blue and predicted – brown-red).
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Table A2: Variations in velocity, period, and depth parameters

Period (sec) P5 P10 P15 P20 P25 P 30 P 35 P 40 P45 P 50 P 55 P60 P 65 P 70

Period (sec) 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Depth (km) 13.33 28 31 58.66 53.33 68 73.5 96 102 168 174.16 104 147.33 158.66
V Max. (km/s) 4 4.2 3.1 4.4 3.2 3.4 3.6 3.6 3.6 5.04 4.75 2.6 3.4 3.4
V Ave. (km/s) 2.9 2.1 2.7 3.25 2.75 2.85 3.15 3.15 3.4 3.39 3.12 2.1 2.45 2.35
V Min. (km/s) 1.8 2.1 2.3 2.1 2.3 2.3 2.7 1.7 3.2 1.75 1.5 1.6 1.5 1.3
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