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Abstract

This study presents new insights into the crustal and upper mantle structure of Azerbaijan based
on high-resolution local seismic tomography using the double-difference (TomoDD) method. Travel-
time data from approximately 7,600 local earthquakes (M > 2.0), recorded by a regional network of
broadband seismic stations between 2011 and 2024, were used to jointly relocate earthquake
hypocenters and reconstruct three-dimensional P- and S-wave velocity models of the crust.

The results reveal pronounced lateral and vertical velocity heterogeneities associated with
major tectonic units, including the Greater and Lesser Caucasus, the Kura—Araks Depression, and the
South Caspian Basin. Low seismic velocities at shallow depths reflect thick sedimentary cover in the
Kura Depression and Absheron Peninsula, whereas higher velocities at depths of 20-35 km indicate
a high-velocity lower crust beneath the basin. These features are interpreted as evidence for the
presence of oceanic-type crust beneath the Kura—Araks Depression. Relocated earthquake
hypocenters delineate several seismically active structures, including the Main Caucasus Thrust and
the West Caspian Fault, the latter expressed as a linear zone of deep-focus seismicity oriented NNW-—
SSE. The identification of two distinct seismogenic horizons in the eastern Greater Caucasus supports
the hypothesis of ongoing subduction of a remnant oceanic lithosphere beneath the region. The results
provide important constraints on regional geodynamics and have significant implications for seismic
hazard assessment, particularly for densely populated areas such as Baku.

Keywords: Seismic tomography; Double-difference method; Crustal structure; Upper mantle;
Caucasus; Azerbaijan; Subduction; Seismicity; West Caspian Fault

BBICOKOTOYHASI CEHCMOTOMOTI PA®UA METOJ10M JBOMHOM PA3SHUIIBI
KOPBI 1 BEPXHE MAHTHUH MO/ A3EPBAI‘/‘I{[}KAHOM: CBUIETEJIBCTBA
CYBAYKIIMU OKEAHUYECKOU JINTOC®EPBI

AHHOTaUA

B pabote mpezncraBieHbl HOBbIE JAaHHBIE O CTPOCHMM 3€MHOW KOpPbl M BEpPXHEH MaHTHU
AzepOaiimxaHa, TMOJyYEeHHbIE Ha OCHOBE BBICOKOpA3pelIalomIel JIOKAJbHONW CEMCMHYECKON TO-
Morpaduu ¢ MIpUMEHEHHEeM MeToAa ABOWHBIX pasHocTelt (TomoDD). Jlns coBMECTHOTO YTOUYHEHUS
IIOJIOKEHUN 0YaroB 3€MJIETPSICEHUN M BOCCTAHOBIICHHSI TPEXMEPHBIX CKOPOCTHBIX MOJENEH Ipo-
JIOJBHBIX U TMONEPEYHBIX BOJH MCIOJIb30BaHbI BpeMeHa mpobdera oT okoso 7 600 IoKalbHBIX 3eM-
JETpsICCHU ¢ MarHuTyaamMu M > 2.0, 3aperucTpUpOBAHHBIX PETUOHAIBHOW CEThIO IIHPOKO-
MOJIOCHBIX ceicMuueckux ctanuuii B 2011-2024 rr.

[TomyueHHble pe3yabTaThl BBIABIISIIOT 3HAYUTEIbHBIE JATEPAIBHBIE U BEPTUKAJIbHBIE HEOIHO-
POJHOCTU CKOpPOCTEH, CBSI3AHHBIE C OCHOBHBIMM TEKTOHUYECKUMH CTPYKTypamMH peruoHa —
bonpmnm 1 Mansim KaBkazom, Kypa-Apakcunckoi Brnagunoit u FOxxuo-Kacnuiickol BIiaJiMHOM.
Huskue ckopocTu Ha MalbIX TIyOMHAX OTpaXkaroT MOIIHBINA ocanouHblil yexon Kypa-ApakcuHckoi
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BIaJIUHBI U ATIIIEPOHCKOTO MOJIYOCTPOBA, TOTla KaK MOBBIIIEHHbIE CKOPOCTH HA ITyOnHax 20-35 kM
YKa3bIBalOT HAa HAJIMYUE BBICOKOCKOPOCTHON HUKHEN KOPBI 110]] BIIAJIUHON, HHTEPIPETUPYEMOU KaK
KOpa OKEaHMYECKOr0 THUIA. YTOYHEHHBIE THUIIOLEHTPBI 3E€MJIETPSICEHUN OYEPUYMBAIOT OCHOBHBIC
celicMoakTUBHbBIEC 30HBI, BKItouyas ['nmaBHbiii KaBkasckuit Hagsur u 3anagHo-Kacnuiickuil pasiom,
TIOCJICTHUM TIPOSIBIISICTCSL B BUJIE JIMHEWHOMW 30HBI TITyOMHHON CEHCMUYHOCTH CEBEPO-CEBEPO-3ariay
— IOr0-I0Or0-BOCTOYHOM OpHUEHTHpOBKHM. Hamnume nByX 4YETKO BBIPAXKCHHBIX CEHCMOICHHBIX
TOPU30HTOB B BOCTOYHOM 4acTu bonbmoro KaBkasa nmoarBepkaaer rumnoresy O NpoAoKaromeMcs
cyOnyKkimonHoM mpouecce. [lodydeHHble pe3ysibTaThl UMEIOT Ba)KHOE 3HAUCHHE JJISi TOHMMAaHUS
re0JJMHAMHUKN PETHOHA U OLICHKU CEHCMHYECKON OMACHOCTH, OCOOEHHO ISl T'yCTOHACEIEHHBIX
paiioHOB, BKIIto4Yas ropox baky.

KiroueBbie ciaoBa: Ceiicmuyeckass ToMorpadusi; METO IBOMHBIX Pa3HOCTEH; 3eMHast KOpa;
BepxHsist MaHTHsI; KaBka3; A3epOaiikan; cyOayKIIus; CeCMUYHOCTD; 3anaaHo-Kacnuiickuii paznoM

AZORBAYCAN UZORINDD YER QABUGU VO YUXARI MANTIYANIN iKi QAT
FORQLORI METODU iLO YUKSOK DOQIQLIKLi SEYSMOTOMOQRAFIYASI

Xiilasa

Bu isdo Azorbaycan orazisinin yer qabigi vo yuxari mantiyasinin qurulusu barads yeni molu-
matlar toqdim olunur. Molumatlar, ikili forqlor metodu (TomoDD) totbiq edilon yiiksok doqiqglikli
lokal seysmik tomoqrafiya asasinda oldos edilib. Zalzalalorin epicentrlorinin doqiq yerlosdirilmasi vo
P vo S dalgalarinin {i¢blgiilii siirot modellorinin borpasi iigiin 2011-2024-cii illordo regional
geniszolaqli seysmik stansiya sobokosi torofindon qeydo alinmig, M > 2.0 maqnituda malik toxminon
7 600 lokal zolzolonin soyahot vaxtlarindan istifado olunub. ©ldo olunan noticolor regionun asas
tektonik strukturlari — Bdyiik vo Kigik Qafqaz, Kiir-Araz ¢okokliyi vo Conubi Xozor ¢okakliyi ilo
bagli ohomiyyatli lateral vo saquli siirat geyri-homogenliklorini askar edir. Ki¢ik dorinliklordo asagi
stiratlor, Kiir-Araz ¢okakliyi vo Abseron yarimadasinin qalin ¢okiintii ortiiytinii oks etdirir, 20—35 km
dorinliklords yiiksok siiratlor iso ¢okokliyin altinda okean tipli qabiq kimi sorh olunan yiiksok siiratli
alt gqabigin moévcudlugunu gostorir. Daqiqlosdirilmis zalzals hipotsentrlori, Bas Qafqaz sellori vo
Qorb-Xozor fayini daxil olmaqla osas seysmoaktiv zonalar1 gostorir. Qarb-Xozor fayi, simal-simal-
garb — conub-conub-gorq istiqamatli xatti darinlik seysmikliyi zonasi kimi 6zlinii gostorir. Boytlik
Qafgazin sorq hissasindo iki aydin seysmojen horizontun mévcudlugu, subduksiya prosesinin davam
etdiyi hipotezini tasdiqloyir. ©lds olunan naticolor regionun geodinamikasinin basa diisiilmasi vo,
xtisusilo Baki sohori daxil olmagla, six moskunlasmis arazilords seysmik tohliikonin qiymatlondiril-
masi baximindan miithiim shomiyyat kosb edir.

Acar sozlor:

Seysmik tomoqrafiya; ikili forqlor metodu; yer qabigi; yuxar1 mantiya; Qafqaz; Azorbaycan;
subduksiya; seysmiklik; Qarb-Xozar qirilmasi

Introduction

Seismic tomography is a key method for studying the internal structure of the Earth at scales
ranging from a few meters to thousands of kilometers. It allows the investigation of active volcanoes,
faults, glaciers, deep reservoirs and storage sites, as well as the planet as a whole. Tomography plays
an important role in addressing practical challenges related to natural hazards, resource exploration,
and underground storage, and its methods are applied in medical ultrasonography and
helioseismology.

Since the first successful applications nearly 50 years ago [1, 2], seismic tomography methods
have evolved significantly and become a cornerstone of geosciences. They provide high-resolution,
accurate models that account for processes such as anisotropy, wave attenuation, poroelasticity, and
the topography of internal discontinuities. Major development directions include improved data
quality and coverage, reduction of forward and inverse modeling errors, advanced data processing
techniques, and the use of modern computational resources.
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Despite these advances, our understanding of the Earth's internal structure remains incomplete.
Modern challenges require more precise models to address both fundamental scientific questions
about the thermo-chemical state of the Earth and practical issues such as seismic and volcanic hazard
assessment, geothermal exploration, underground storage, and resource management.

Seismic tomography is a method for constructing 2D and 3D models of the Earth's interior
based on seismic observations. It involves solving a complex inverse problem: finding a seismic
model that explains the observed travel times and other data. Typically, an iterative inversion
approach is used with an initial model close to reality, gradually refining the structure to produce
guantitative images.

A simple example is travel-time tomography, where first arrivals provide the primary
information. The results show that reconstruction accuracy depends on ray-path coverage: poorly
sampled areas remain poorly constrained, and low-velocity anomalies are often underestimated.
Despite these limitations, the method is universal for various types of seismic tomography, including
attenuation and anisotropy studies.

Method of double differences (TomoDD)

In this study, local seismic tomographic sections were constructed using the double-difference
method. Commonly referred to as DD tomography, this approach enables the analysis and comparison
of the resulting velocity model with the locations of aftershock hypocenters, as well as their
relationship to block-bounding faults and surface-mapped deformation features.

The double-difference method [5, 8, 25, 26] is particularly effective for jointly refining
hypocenter locations within clusters of closely spaced earthquakes. It allows the simultaneous
relocation of a large number of earthquake hypocenters, even when they are observed at relatively
distant stations. The key principle is that the travel-time difference between two nearby events
primarily reflects the spatial separation of their hypocenters, making it possible to refine inter-event
distances without relying on station-specific corrections.

When the distance between the hypocenters of two earthquakes is small relative to the distance
to the recording station and the wavelength of the seismic waves, the ray paths from the source region
to the station largely coincide. In this case, the observed travel-time difference between the two events
can be directly attributed to the relative spatial offset of the sources.

Formally, the travel time Tki a P- or S-wave from the i-th earthquake, recorded at the k-th seismic
station, can be expressed within the ray-theoretical framework as a path integral along the ray:
. . k
T, =7,+| uds
=] (1)
Here, rae T(') , 1 is the origin time of the i-th event, u is the slowness field along the ray path, and

ds is the path element. In this framework, the travel-time residuals for the i-th event can be expressed
as a linear function of the perturbations Ami , corresponding to the four current hypocentral
parameters Ax i, Ay i, Az i, Ati for each observed station k.
ot . i
—~£Am' =1, 2
S Am' = @)

where l’ki = (tObs—tcal)L,tObs and t='— are the observed and calculated travel times, respectively, and

Am' = (A, Ay' A7’ A7"). Equation (2) is applied together with the observed arrival times. However,

. . . . . . i i \obs
cross-correlation techniques measure the difference in arrival times between events (tli —tk’) , SO

Equation (2) cannot be used directly. By considering the difference between Equation (2) for a pair
of events, the relationship for the relative travel-time differences between the hypocenters of
earthquakes i and j can be written as:
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here (Am” = (Adx", Ady", Adz", Ad") represents the change in relative positions between the two

hypocenters i and j, and the partial derivatives of T with respect to m correspond to the components
of the slowness vector along the ray connecting the source and receiver, evaluated at the source [1].
Partial corrections for velocity variations can be introduced either through station corrections in the
calculation algorithm or by incorporating them into the Earth’s crust velocity model. Errors in the
initial velocity model are effectively minimized by using relative relocation methods for earthquake
hypocenters [24].

When the distance between the hypocenters of two earthquakes is small relative to the distance
to the recording station and the wavelength of velocity heterogeneities, the ray paths from the source
region to the station largely coincide. In this case, the observed travel-time difference between the
two events can be attributed directly to the spatial separation of their sources.

A key stage in seismic tomographic studies is inversion—the process of reconstructing the
internal properties of the Earth, such as seismic-wave velocities, from recorded seismic data. This
inverse problem can be addressed using various mathematical approaches, including:

1. Least-squares methods, which minimize the difference between observed and calculated
travel times (the approach used in this study);

2. Variational methods, where a functional quantifying deviations between measured and
modeled data is formulated and subsequently minimized,

3. Optimization methods, involving more advanced algorithms such as gradient and quasi-
gradient techniques aimed at finding the best-fitting model parameters.

The result of the inversion is a three-dimensional model (tomogram) that represents the spatial
distribution of physical properties within the Earth's interior. Such a model can, for example, map
variations in seismic velocities, highlighting contrasts between solid and partially molten regions, and
reveal structural features of the crust and mantle.

Data Used.

As input data, we utilized the catalogs of the Republican Center of the Seismological Service
of Azerbaijan (RSSC), which ing:luc\jes/88 modern broadba‘rjd seismic stations (Fig. 1).

AT seismic stations

Fig. 1. Regional network of digital seismic stations located across the Caucasus and surrounding areas.

We used wave arrival times from the RSSC seismic catalog for the period 2011-2024. Only
local earthquakes with magnitudes of 2.0 and above were selected for analysis, resulting in
approximately 7,800 epicenters.
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Seismic tomography is a method for reconstructing the internal structure of the Earth's crust
and mantle based on the analysis of seismic wave propagation. Conceptually, it is analogous to
medical CT scanning: the Earth’s interior is “imaged” by seismic rays traveling from sources
(earthquake hypocenters) to seismic stations. The accuracy of the resulting model largely depends on
the density and uniformity of ray coverage—higher overlap of ray paths in a given area increases the
method’s resolution and the reliability of the retrieved velocity anomalies.

Figure 2 shows the seismic rays connecting each recorded epicenter with the seismic stations
at different depths. Analysis of the figure indicates that ray density varies with depth: it is higher at
shallow levels due to the proximity of sources and stations, while at greater depths coverage becomes
less uniform. Overall, however, the ray distribution is sufficient to reconstruct the structure of the
crust and upper mantle in the study region with acceptable accuracy.

0-10 1cM 11-25 km

26-45 kM | > 45 km

Fig. 2. Distribution of seismic tomography rays from earthquakes recorded during 2011-2024.
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Fig. 3. Histogram showing seismic-wave travel-time residuals (T _obs — T _calc) for the initial model (white
bars) and the final model after all inversion iterations (gray bars). The inset illustrates the initial P-wave

velocity (V_p) model obtained using the VELEST program [14, 23].
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Travel-time differences for earthquake pairs were calculated based on existing bulletins. The
final dataset included over 56,000 P-wave arrival times, more than 58,000 S-wave arrival times, and
nearly 287,000 differential times between event pairs, covering a total of 3,551 earthquakes.

For the calculations, we used initial one-dimensional velocity models previously obtained using
the VELEST program [14, 15]. The resulting model is represented as a three-dimensional grid of
nodes, evenly distributed across the region. The horizontal spacing between nodes is 55 km
(approximately 0.5°), while the vertical spacing corresponds to the levels defined in the one-
dimensional (1D) model.

Assessment of the Velocity Model

To evaluate the quality of the obtained seismic model, we used four criteria, previously applied
in other double-difference studies [3, 8]:

1. The improvement in the fit between calculated and observed seismic-wave arrival times (i.e.,
the travel-time residuals).

2. The values of the derivative weight sum (DWS), which indicate how well each part of the
model is constrained by the data.

3. The consistency of relocated earthquake epicenters with known active geological faults and
other seismogenic structures.

4. The model’s resolution, tested through synthetic “checkerboard” experiments.

Figure 92 shows the change in travel-time residuals between the initial and final models.
Initially, the root-mean-square (RMS) difference between observed and calculated arrival times was
approximately 112 ms. After inversion, it decreased to 4.1 ms. This substantial reduction indicates
that the initial (1D) model did not adequately capture the complex structure of the crust in the
Azerbaijan region.

Gaussian (normal) noise was added to the seismic-wave arrival times, with a standard deviation
of 0.08 s for P-waves and 0.115 s for S-waves. The clearest and most reliably recovered anomalies
are observed at depths of 25-35 km, where approximately 90% of the checkerboard pattern was
successfully reconstructed. In the upper part of the model (depths shallower than 15 km), a
“smearing” effect is observed, where small-scale velocity variations are not well resolved.
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Fig. 4. Map of P-wave velocity (V_p) distribution at a given depth, showing only the portion of the model
where the DWS value exceeds 200.
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Crustal and Upper Mantle Structure of Azerbaijan from Seismic Tomography

Figure 4 shows maps of P-wave velocity (V_p) distribution at different depths, obtained from
tomographic modeling. The final models were thresholded using a DWS value of 200, and contour
lines were plotted at intervals of 0.5 km/s.

At a depth of 5 km, areas of minimum velocities are clearly observed, corresponding to the
Vandam and Zakatala-Kovdag zones of the Greater Caucasus and the Proximal Lesser Caucasus
region of the Middle Kura Depression, with P-wave velocities ranging from 4.5 to 5.5 km/s. Although
velocities increase at depths of 5-8 km, the overall pattern of velocity anomalies remains consistent.

At a depth of 10 km, the Kura Depression, filled with sedimentary rocks, appears as a low-
velocity zone (V_p = 5.0 km/s). The anomaly is centered near 40.5°N, 48°E, with its southern
boundary defined by the Lesser Caucasus. The lowest velocities are observed in the north, at the foot
of the Greater Caucasus, while higher velocities are recorded in the southern and eastern parts of the
model. Maximum velocities are found in the Sheki, Zakatala-Balakan, and Nakhchivan regions, with
P-wave velocities ranging from 6.5 to 7.0 km/s.

At 15 km depth, anomalies corresponding to tectonic zones become more pronounced, showing
sharp velocity contrasts between the Talysh Mountains, the Kura Depression, and the Greater
Caucasus. P-wave velocities range from 6.1-6.3 km/s in the Lesser Caucasus to 5.0-5.5 km/s within
the depression. The central parts of the Vandam and Zakatala-Kovdag zones of the Greater Caucasus,
as well as the border region with Dagestan, exhibit minimum velocities of 5.5-6.0 km/s. S-wave
velocities at this depth are 3.5-3.7 km/s in the Lesser Caucasus, but the Kura Depression shows more
complex variations. Two distinct low-velocity zones (V_s ~2.75 km/s) are observed, likely
corresponding to areas with the thickest sedimentary cover—one in the central part of the depression
and another along the Caspian coastline.

The lowest velocities (V_p < 5.0 km/s, V_s ~2.75 km/s) are found on the Absheron Peninsula,
reflecting the increasing sediment thickness toward the Caspian Sea. Significant velocity gradients
persist down to 35 km. From 20 km depth, higher velocities are observed under the Kura Depression,
whereas lower velocities remain beneath the Greater and Lesser Caucasus regions. By 35 km depth,
velocities under the Kura Depression approach values characteristic of the upper mantle.

Thus, the double-difference method provides strong evidence that the crystalline basement
beneath the Kura-Aras Depression has an oceanic origin. Furthermore, this approach allows for
refined mapping of earthquake hypocenters and the geometry of major regional faults.

The main seismic activity in Azerbaijan is concentrated within the Greater Caucasus and
adjacent frontal thrusts. Key tectonic structures include the Main Caucasus Thrust (MCT), the Kura
Fold and Thrust Belt, and the West Caspian Fault (WCF). The largest earthquakes in the region (Mb
> 6.0) historically occurred near the MCT [19, 20]. Although no such large events have been recorded
during the operation of the modern Azerbaijani seismic network, numerous hypocenters are observed
along the southern slope of the Greater Caucasus, where the MCT is located.

One of the most significant historical earthquakes is the 1902 Shamakhi event (Ms ~6.9 + 0.2),
with its epicenter near the city of Shamakhi. Its exact location remains uncertain, but it is believed to
be associated either with the MCT or the frontal part of the Kura fold-and-thrust zone [19].

In recent years, higher-magnitude earthquakes have been recorded in deeper structures beneath
Baku and along the Absheron peninsula in the Caspian Sea. While our data do not exclude activity
along the MCT, making it a potentially hazardous seismic element, the Kura Fold and Thrust Belt
also exhibits a comparable level of seismicity. This may indicate a southward shift of the active
deformation zone of the Eastern Greater Caucasus toward the Kura-Aras Depression.

However, along the curved segment of the MCT near 41°N and 46.5°E, seismic activity sharply
decreases. This may reflect either small-magnitude earthquakes undetected by the national seismic
network or the accumulation of stress capable of triggering a major event. Data on deformation along
this segment remain very limited: geomorphological indicators of large displacements are absent, and
geodetic (GPS) measurements do not allow reliable assessment of strain variations along the fault.
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Fig. 5. Map of earthquake epicenters showing relocated (refined) hypocenters (2003-2024). The color scale
represents depth: orange indicates earthquakes within 0—40 km, while blue denotes events deeper than 40
km. The 40 km threshold is chosen as the average thickness of the continental crust. Cross-section A-A'

demonstrates that seismicity in western Azerbaijan is largely confined to the crust. Cross-section B-B’ shows
a pronounced increase in the number of subcrustal earthquakes.

Deep-focus earthquakes with hypocenters deeper than 30 km beneath the Kura Depression form
a linear zone oriented roughly north-northwest to south-southeast (NNW-SSE). Focal mechanisms
(strike-slip or dip-slip) and seismic tomography data indicate the presence of an active seismic
structure known as the West Caspian Fault (WCF). Previous evidence for the WCF came from abrupt
variations in sedimentary cover thickness (Allen et al., 2003) and gravity anomalies [10, 11].
Moreover, this fault has been incorporated into GPS-based block models as a structure
accommodating the counterclockwise rotation of the Caucasus block [21].

Our hypocenter data confirm the existence of the WCF (see Fig. 4), but suggest that the
seismicity associated with it is located west of its traditionally mapped position. Variations in the
sedimentary cover within the Kura Depression are clearly observed in velocity sections at 20 and 25
km depth (Figs. 5 and 6), near 40.5°N and 48.0°E. These features manifest as a low-velocity
protrusion (5.0-5.5 km/s) separating two high-velocity domains (~6.5 km/s). This structure is
interpreted as oceanic crust underlying low-velocity sediments. The high-velocity lower crust appears
to underlie nearly the entire Kura Depression, consistent with ongoing thrusting (subduction) beneath
the Eastern Greater Caucasus.

Previously, deep seismicity beneath the Kura region was attributed either to westward thrusting
of the South Caspian Basin beneath the Kura Depression [22] or to subduction beneath the Talysh
zone to the south (Jackson et al., 2001), based on focal mechanisms and earthquake depths along
Azerbaijan’s southern coast. We observe a similar seismicity pattern, though it lies at the edge of the
monitoring network, and therefore the accuracy of epicenter locations in this zone is limited.

Within the main observation area, no convincing evidence for subduction of the Caspian Basin
beneath the Kura Depression was detected. The recorded deep-focus events (deeper than 40 km),
shown in blue on the figures, lie below the brittle-ductile transition and likely occur in the upper
mantle. We infer that these events are associated with the presence of ancient, cold oceanic
lithosphere beneath the Kura Depression, resulting in a low geothermal gradient and a deep transition
boundary. Additionally, heat flow between the Kura and Caspian depressions ranges from 30 to 50
mW/m? and shows similar values in both structures. The reduced heat flow is likely related to low
radiogenic heat production, characteristic of oceanic crust.
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The presence of two clearly defined seismically active horizons in the eastern part of the Greater
Caucasus supports the hypothesis of ongoing subduction—from the Caspian Sea beneath the eastern
Greater Caucasus and further beneath the territory of Baku, which has a population of approximately
2.166 million [17]. To test this hypothesis, we constructed the first high-resolution three-dimensional
models of P- and S-wave velocities in the crust, using travel-time data from approximately 7,600
earthquakes recorded by 35 broadband seismic stations continuously operating across Azerbaijan.
The regional double-difference tomography method enabled us to simultaneously reconstruct the
velocity structure and refine the locations of earthquake hypocenters.

Vp(km)

50 km

Fig. 6. 3D model of P-wave velocity distribution obtained using seismic tomography.

Significant lateral velocity variations at depths of ~30 km are interpreted as reflecting
differences in rock composition between the Lesser/Greater Caucasus and the Kura—Araks Basin /
South Caspian Basin. Specifically, beneath the basin, higher velocities are observed (Vp ~7.1 km/s,
Vs ~3.9 km/s) compared to the Caucasus Mountains (Vp ~6.3 km/s, Vs ~3.4 km/s). The high-velocity
zone at 30 km depth extends westward toward the western part of the Greater Caucasus, suggesting
ongoing subduction in this direction, as proposed by Mumladze [17]. We infer that the crust beneath
the Kura—Araks Basin is compositionally similar to that under the South Caspian Basin.

Our results thus support the hypothesis of Phillip et al. (1989) [18], indicating that the eastern
Greater Caucasus still preserves structural features characteristic of the terminal stage of continent—
continent collision. In our view, a full continental collision between the Arabian and Eurasian plates
in the eastern Greater Caucasus has not yet occurred, as the Kura—Araks Basin represents a fragment
of oceanic lithosphere that has not been fully subducted. The remaining subducting oceanic plate
roughly corresponds to the width of the Kura—Araks Basin.

Consequently, the data presented here provide strong evidence for the presence of an oceanic
slab beneath the eastern Greater Caucasus. Major historical earthquakes in the Shamakhi region (in
1191, 1667, 1859, and 1902) were accompanied by landslides, collapses, and numerous casualties.
Eyewitness accounts suggest magnitudes reaching Ms 7-8 [19]. The existence of a subducting slab
beneath the eastern Greater Caucasus may explain these destructive events. The most recent
significant earthquake (M6.8) occurred on 11 November 2000, east of Baku.

Subduction zones often generate the strongest and most destructive earthquakes, and similar
processes beneath the eastern Greater Caucasus and the Absheron Peninsula may pose a serious risk
to the population of Baku.

The crustal model of the Nakhchivan region is characterized by P- and S-wave velocities
ranging from 3.0 to 5.2 km/s in the sedimentary layer, 6.3—6.6 km/s in the “granite” layer, and 7.0—
7.2 km/s in the “basaltic” layer. The upper sedimentary—granite portion of the crust is separated from
the lower basaltic portion by a low-velocity layer. In the Lesser Caucasus, the velocity models
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commonly display well-defined boundaries corresponding to the top of the consolidated crust, a
boundary at 12—-14 km depth (within the “granite” layer), and the top of the “basaltic” layer. The
magnitude and pattern of velocity contrasts at these boundaries vary regionally: in the Somkheto—
Kafan and Ganja zones, a normal (positive) increase of velocity with depth predominates, while some
blocks contain layers with alternating high and low velocities.

Conclusions:

1. The application of high-resolution double-difference seismic tomography has provided a
robust three-dimensional image of the crust and upper mantle beneath Azerbaijan, significantly
improving both earthquake hypocenter locations and the resolution of velocity heterogeneities
compared to conventional 1D and absolute-location approaches. The strong reduction in travel-time
residuals confirms that the obtained models adequately capture the complex lithospheric structure of
the region.

2. The observed lateral and vertical variations in P- and S-wave velocities correlate well with
major tectonic provinces of the Caucasus, including the Greater Caucasus, Lesser Caucasus, Kura—
Araks Depression, and the South Caspian Basin. In particular, the persistence of low velocities at
shallow depths beneath the Kura—Araks Depression reflects thick sedimentary successions, whereas
the emergence of high velocities at depths of 20-35 km indicates a dense, mafic lower crust
inconsistent with typical continental crust.

3. The high-velocity lower crust beneath the Kura—Araks Depression (Vp ~7.0-7.2 km/s; Vs
~3.8-3.9 km/s) is best explained by the presence of oceanic or strongly mafic crustal material. This
interpretation is supported by the continuity of the high-velocity zone toward the South Caspian Basin
and its westward extension beneath the eastern and central parts of the Greater Caucasus, implying
ongoing underthrusting or subduction.

4. The spatial distribution of relocated earthquake hypocenters reveals two distinct seismogenic
horizons beneath the eastern Greater Caucasus. The upper horizon is confined to the brittle continental
crust, whereas the deeper horizon extends below 30-40 km depth and is interpreted as seismicity
occurring within subducted, mechanically strong, and relatively cold lithosphere. This pattern is
incompatible with a purely continental collision model and instead supports a hybrid subduction—
collision regime.

5. Deep-focus seismicity beneath the Kura—Araks Depression and the Absheron region is
spatially aligned along a NNW-SSE-trending zone, consistent with the geometry of the West Caspian
Fault. The westward displacement of seismically active segments relative to their traditionally
mapped surface traces suggests that this fault system may be deeply rooted and structurally decoupled
from shallow geological expressions.

6. The presence of earthquakes below the brittle—ductile transition implies a reduced
geothermal gradient beneath the Kura—Araks Depression, consistent with heat-flow values of 30-50
mW/m? and low radiogenic heat production. These thermal conditions are characteristic of old
oceanic lithosphere and provide independent support for the interpretation of an oceanic slab beneath
the eastern Greater Caucasus.

7. The tomographic results lend strong support to geodynamic models proposing that the
eastern Greater Caucasus represents a late-stage, incomplete continent—continent collision, in which
remnants of oceanic lithosphere are still being subducted beneath Eurasia. The width of the inferred
subducting slab approximately corresponds to the present-day width of the Kura—Araks Depression.

8. From a seismotectonic perspective, the coexistence of active thrusting, strike-slip faulting,
and deep subduction-related seismicity indicates a highly complex stress regime and strain
partitioning in the region. This complexity may explain the occurrence of large historical earthquakes
in the Shamakhi area and underscores the significant seismic hazard posed to densely populated
regions, particularly Baku and the Absheron Peninsula.
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9. Overall, the integration of high-resolution seismic tomography with refined earthquake
relocation provides one of the most compelling geophysical datasets to date for the existence of a
subducting oceanic slab beneath the eastern Greater Caucasus. These findings place important
constraints on regional geodynamic evolution and should be incorporated into future tectonic models,
seismic hazard assessments, and geodynamic simulations of the Arabia—Eurasia collision zone.
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