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ABSTRACT

Small-scale lithospheric terranes (microplates) are important building-blocks of continental accretion
but their presence is often obscured by subsequent plate-margin deformation events and by younger
volcano-sedimentary covers. The geological fabric of the eastern Anatolian-Caucasian region results from
the sequential accretion of lithospheric terranes against the southwestern continental margin of the
Eurasian plate. Widespread sedimentary and volcanic covers conceal some of the principal tectonic
boundaries in the region, and major uncertainties persist as to the number and extent of the various ter-
ranes.

We determine whether the topographic height fits the expectance from crustal thickness, complying to
the isostatic equilibrium. The input data of the study are the topography, the satellite derived gravity
field, the geologic knowledge defining magmatic intrusions and tectonic terranes, arcs and sedimentary
basins, the seismic Moho depth, and a seismic tomography model. We accomplish a topography-gravity
regression analysis controlled by a seismic Moho model, which produces well defined positive and neg-
ative anomalies. Allowing for varying density contrast in lower crust, the topography is greatly in iso-
static equilibrium and controlled by the crustal thickness, that is topographic uplift has evolved
proportionally to crustal thickening. The average density contrast in lower crust is between 200 and
300 kg/m? for the orogenic belt, with local exceptions.

The inversion of the prominent positive linear anomalies of the regional gravity field defines discrete
crustal density inhomogeneities, which can be interpreted as related to specific tectonic events, thus
placing cogent constraints on the accretionary history and the overall anatomy of the eastern
Anatolian-Caucasian lithospheric agglomerate. Three linear belts of intracrustal increased density are
found along (i) the Greater Caucasus, (ii) the Lesser Caucasus, and (iii) a previously unidentified parallel
belt ca. 80 km south of the Lesser Caucasus. The latter gravity anomaly clearly delineates for the first time
the southwestern margin of the South Armenian Block, a lithospheric element (microplate) whose exis-
tence has long been a matter of debate.

© 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on
behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

We demonstrate that new knowledge on the accretionary his-
tory of the southwestern continental margin of Eurasia (Asia Minor

The gravity field retrieved from satellites has seen a revolution
in the sensitivity to tectonic structures through the gravity field
solutions obtained from the mission GOCE (Floberghagen et al.,
2011), as for the first time tectonic structures could be identified
across countries and even correlated between rifted continental
plates. Combined gravity models of different satellite missions
and terrestrial observations have evolved in recent years, and are
publicly available (Ince et al., 2019).
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and western Middle East) can be gained from the joint analysis of
topography, the gravity field, seismic Moho (Kaviani et al., 2020;
Irandoust et al., 2022), geologic mapping and the physical principle
of isostasy (Pivetta and Braitenberg, 2020). The analysis is comple-
mentary to the lithosphere density inversion based on regional
seismic tomography like the one we have accomplished for the
entire Iran (Maurizio et al., 2023) in the sense that in the present
work the focus is on the superficial crustal density inhomo-
geneities. The 3D density modeling from gravity inversion must
start from a 3D density model derived from seismic tomography
due to limitations posed by the ambiguities in potential field
modeling, limiting the spatial resolution of the density model to
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that of the tomography. For the eastern Anatolia-Caucasus we aim
at modeling superficial density structures which are not resolved
in the available lithosphere scale seismic tomography. Therefore,
we refrain from a full 3D modeling of the entire crust and litho-
sphere mantle in favor of a focused inversion of the superficial
inhomogeneities, using a regression technique to separate the
superficial field from the field generated at deeper levels (mid-
lower crust, Moho and subcrustal lithosphere). Global seismic
tomography models (e.g. Schaeffer and Lebedev, 2013; Rawlinson
and Spakman, 2016; Celli et al., 2020) show considerable velocity
differences in the study area, which limit their reliability as a con-
straint in gravity field modeling. In addition to this, while the glo-
bal models resolve the mantle at a resolution of up to 0.5° to 1°, the
crust is often absent or poorly resolved, and the spectral coverage
cuts off at larger spatial scales compared to the resolving power of
the available gravity field. Their use in modeling the smaller scale
features present in the gravity field is thus limited.

In this paper, we address two main topics. First, we assess
whether or not the study area is in isostatic equilibrium. Topogra-
phy is regulated by crustal thickness, in the sense that due to iso-
static forces the topography is the expression of the combined
effect of crustal thickening and the total load of the crustal column.
Apart from this general observation, dynamic topography can be
due to mantle fluxes, which may enforce subsidence or uplift.
The gravity field is sensitive to the crustal load column since it
senses the density variation. The validity of the isostatic equilib-
rium principle has the consequence that world-wide the gravity
anomalies (also known as Free air anomalies) are relatively stable
(root mean square (rms) of global variation at a resolution of 80 km
is 29 mGal), compared to the computed gravity effect of global
topography at the same resolution (rms of gravity effect of topog-
raphy is r = 348 mGal; Hirt et al., 2016). These figures imply that
the topography mass variations are greatly compensated below
the surface, and this is prevalently done through crustal thickness
variations. An evidence is the high correlation coefficient between
the Bouguer anomaly (Pivetta and Braitenberg, 2020; Braitenberg,
2021), representing greatly the crustal thickness variations, and
the topography.

Our second goal is the analysis of the gravity field, focusing on
the interpretation of a set of three belts of intracrustal positive
anomalies which could be used to better delineate the complex
array of lithospheric terranes within the study area. To this end,
we compare the gravity signal with identified tectonic lineaments
and units, which have been mapped through geological inferences,
but for which the full lateral extension is hidden by lacking out-
crops (Fig. 1). In the case that the outcrops are found to match
the gravity signal, the structure in question can be mapped in its
entirety, and its thickness and length be defined through the grav-
ity inverse modeling. The specific geologic problem we intend to
address is the accretionary history of the vast area comprised
between the Late Cretaceous Amasia-Sevan-Akara suture (SAS) to
the north and the mostly Neogene Bitlis-Zagros suture, ca.
250 km to the south (Fig. 1, Table 1). Such area is the subject of
considerable debate. Due to a similar stratigraphy, the region south
of the SAS (called South Armenian Block) has been traditionally
considered a northeastward prolongation of the Anatolide-
Tauride Block to the west (e.g. Okay and Tiiysiiz, 1999; Barrier
et al., 2008, 2018; Rolland et al., 2012; Hdssig et al., 2017;
Rolland, 2017). On the other hand, van Hinsbergen et al. (2020)
and Nikogosian et al. (2023) posit that the South Armenian Block
is a distinct entity (microplate) separated from the Anatolide-
Tauride Block by the Kagizman-Khoy suture, running from NNW
to SSE over a distance in excess of 200 km, and marked by distinc-
tive volcanic products. Unfortunately, the region comprised
between the relatively coherent outcrops of the Kagizman
Ophiolite of NE Turkey and the Khoy Ophiolite of NW Iran
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(Yilmaz et al., 2014) is mostly overlain by an Upper Miocene-
Recent volcanic/volcaniclastic cover and the large majority of the
scattered ophiolitic outcrops in the region between Kagizman
and Khoy are highly deformed klippen of an originally much larger
ophiolitic body obducted in the Cretaceous and reworked later in
the continental collision processes. In other words, there is no
clear-cut field evidence of a continuous ophiolitic belt (i.e. a suture
zone) which would support the notion of a distinct South Arme-
nian microplate.

Density contrasts and the corresponding gravity anomalies
are characteristic features of active continental margins globally
(e.g. Wells et al., 2003). The density evolution of subducting
slabs includes earlier densification of the lithospheric mantle fol-
lowed by eclogitization, i.e. when subducting crustal rocks reach
higher densities than the ambient mantle (Duesterhoeft et al.,
2014). If active subduction zones are high-density features with
respect to the surrounding ambient mantle, fragmented fossil
subduction zones and ocean-floor successions incorporated as
ophiolitic belts in collisional orogens are characterized by an
even larger excess density with respect to the surrounding crus-
tal rocks. As an example, the typical density of mid-crustal
gneisses and granites is in the order of 2700-2800 kg/m’> as
opposed to values for ophiolitic rocks of ca. 2700-3300 kg/m3
(gabbros and basalts) and 3200-3300 kg/m> (peridotite). These
values increase during subduction-related metamorphism due
to mineral phase transitions and may reach 3500-3600 kg/m>
for a deeply subducted eclogite. Syn-collisional shortening as
well as post-collisional orogenic collapse characteristically
exhume deep -higher density- segments of fossil subduction
zones within the core of deeply eroded orogenic belts. Geophys-
ical data, along with geological information, have substantially
contributed to the understanding of the tectonic evolution of
ophiolites worldwide. Specifically, gravity and magnetic data
have been employed to infer the geometry and mineralization
potential of obducted ophiolitic bodies (e.g. Petrovic et al,
2015; Salapare et al., 2015; Ali et al., 2020).

In this paper, we employ a novel approach, in that we do not try
to determine the geometry of an ophiolite body of which we
already know the existence but instead, based on high-resolution
gravity data, we test the hypothesis of the existence at depth of
an ophiolite belt which is hardly visible at the surface. Starting
from the presupposition that (i) fossil subduction zones and the
root zones of obducted ophiolites have much higher density com-
pared to the surrounding rocks, and (ii) the continuity and extent
of such high-density rock bodies can be detected from the gravity
field through the presence of continuous, well-defined belts of
high-value positive gravity signal. We document the occurrence
of the Kagizman-Khoy ophiolitic suture and the South Armenian
microplate through the analysis of the regional gravity field. In
Caucasia and eastern Anatolia, recognition by geological mapping
of the boundaries of accreted lithospheric terranes, usually marked
by linear ophiolitic belts, is hampered by the widespread Upper
Miocene-Quaternary volcanic cover and widespread klippen of
obducted ophiolites. The actual accretionary anatomy can be
resolved only at depth, not taking into account superposed struc-
tural complexities at the surface.

We find that the key crustal-scale structures in Caucasia and
easternmost Anatolia can be mapped through the gravity field, in
support of the past existence of a double paleo-subduction system
which ultimately lead to the accretion of the South Armenian
microplate and the Anatolide-Tauride block along the southwest-
ern Eurasian continental margin. We also investigate the most
probable thickness of the remnants of the Lesser Caucasus mag-
matic arc, as inferred from gravity modeling. A further question
considers whether the magmatic arcs act as a rheologic inhomo-
geneity, observable in the present-day seismicity and faulting.
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Fig. 1. Tectonic sketch of the Caucasian region (modified after Cavazza et al., 2019; Gusmeo et al., 2021). LA.E.S.Z.: Izmir-Ankara-Erzincan Suture Zone; K.K.S.Z.: Kagizman-

Khoy Suture Zone; S.A.S.Z.: Sevan-Akera Suture Zone; FTB: fold-and-thrust belt.

Table 1

Main features and accretionary history of the lithospheric terranes of Caucasia, eastern Anatolia, and northern Iran.

Stratigraphy

Interpretation

Timing of docking Key references

Scythian Platform

(Pre-Caucasus)

Vendian and younger sedimentary rocks
overlying a Precambrian basement
complex

Fragment of Amazonia

Thinned margin of Eastern
European Platform

530-520 Ma (Early
Cambrian)

Vendian

Vérard (2021)
Saintot et al. (2006)

Kheraskova et al. (2010)

Transcaucasian Massif

— basement: Neoproterozoic ophiolites
intruded by Early Cambrian magmatic arc
assemblages

— cover: Early-Middle Carboniferous
volcano-sedimentary succession intruded
by Permo-Carboniferous granitoids

Gondwanan continental
fragment

by ca. 350 Ma (Early
Carboniferous)

Late Carboniferous

Zakariadze et al. (2007)

Refs. in van Hinsbergen
et al. (2020)

Iranian Block

Panafrican basement complex overlain by
Cambrian to Quaternary sedimentary
cover

Gondwanan continental
fragment

Middle-Late Triassic

Stampfli and Borel (2002)

South Armenian block

Panafrican basement complex overlain by
Cambrian to Upper Cretaceous
sedimentary cover

Northeastward promontory
of Anatolide-Tauride block
Independent Gondwanan
continental fragment

105-100 Ma

Okay and Tiiysiiz (1999)
Barrier et al. (2008, 2018)
van Hinsbergen et al.
(2020), Nikogosian et al.
(2023)

Anatolide-Tauride block

Same as above

Gondwanan continental
fragment

Late Cretaceous- Paleocene

Okay and Tiiysiiz (1999)

Arabian plate

Same as above

Gondwanan continental
fragment

Mid-Miocene hard collision

Okay et al. (2010),
Cavazza et al. (2018, 2019)

2. Geological background to the Caucasian-eastern Anatolian
region

The area of study extends west to east from the Black Sea to the
Caspian Sea, and north to south from the Greater Caucasus to the
Bitlis-Zagros suture. The area has been formed by a complex series
of tectonic events, including the subduction of the Paleotethys
accompanied by formation of magmatic arcs, the formation and
subduction of the Neotethys, the formation of fold-and-thrust belts
along the Greater and Lesser Caucasus and the Alborz Mountains,
and the Arabia-Eurasia continent-continent collision (e.g. Barrier
et al., 2018; Stampfli and Hochard, 2009; Van Hinsbergen et al.,
2020). An orientation map is given in Fig. 2 using the shaded

topography as a background; further the principal tectonic faults
are shown in Fig. 2b, and finally a basic geological map is shown
in Fig. 2c.

The geology of the Caucasian—eastern Anatolian region is char-
acterized by prolonged subduction beneath the southwestern mar-
gin of the Eurasian plate, including the docking of allochthonous
terranes as well as the opening of backarc basins during periods
of upper-plate extension and their closure during continental col-
lisions (e.g. Barrier et al., 2018, 2008; Van Hinsbergen et al.,
2020). The first-order geological provinces traditionally recognized
in the Caucasian-eastern Anatolian region are: (i) the Scythian
Platform, (ii) the Transcaucasian Block, (iii) the South Armenian
Block, (iv) the Anatolide-Tauride Block, (v) the Iranian Block, and
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Fig. 2. Orientation map of the study area. (a) Topography with selected geological provinces mentioned in the text. ATFTB: Adjara-Trialeti fold-and-thrust belt. (b) Map of
studied area showing faults from GEM Global Active Faults Database (Styron and Pagani, 2020). BS: Bitlis Suture. GK: Greater Caucasus; GCVS: Greater Caucasus Variscan
Suture; SKB: Somkheto Karabakh Belt; SAS: Sevan-Akera Suture; AR: Absheron Ridge; KB: Kura Basin; AV: Araks Valley; SAB: South Armenia Block; IAES: Izmir-Ankara-
Erzincan Suture; NAF: North Anatolian Fault; EAF: East Anatolian Fault; BS: Bitlis Suture. (c) Simplified geological map of eastern Anatolia and the Caucasus belt, from USGS
(Pollastro et al., 1999; Pawlewicz et al., 2003).
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(vi) the Arabian Platform. The main features of these provinces are
summarized in Table 1 and their position shown in Fig. 1.

Our study is focused mostly on the geology of the Lesser Cauca-
sus (LC) collision belt and its surroundings, where the most promi-
nent crustal-scale gravity anomalies point to crustal dense rocks,
which we aim to explain and set into the geologic context. The
LC orogen is the result of multiple, superposed episodes of defor-
mation of a mostly Jurassic magmatic arc. (i) A first phase of defor-
mation started in the Late Cretaceous and has been interpreted as
the effect of the docking of either the eastern termination of the
Anatolide-Tauride Block (Okay and Tiiysiiz, 1999; Rolland et al.,
2012; Hassig et al., 2016; Rolland, 2017; Barrier et al., 2018), or
an independent South Armenian microplate (Van Hinsbergen
et al., 2020; Nikogosian et al., 2023), thus forming the Sevan-
Akera suture zone. (ii) During the mid-Miocene, properly oriented
segments of the suture zone were reactivated by far-field compres-
sional stresses induced by the Arabia-Eurasia hard collision along
the Bitlis-Zagros suture (Cavazza et al., 2017, 2019). The Arabia-
Eurasia collision lead to intense shortening and exhumation along
its deformation front, but also affected wide areas of the Eurasian
hinterland, up to the Greater Caucasus (Cavazza et al., 2024).

The Sevan-Akera suture zone is marked by a 400 km-long ophi-
olite belt made of dense rocks (mostly Middle Jurassic ultrabasic
rocks, gabbros, basalts) thrust southwestward above a basal tec-
tonic mélange of dense rocks as greenschist facies meta-
ophiolites, amphibolite and blueschist (Rolland et al., 2010). The
southwestward obduction of oceanic lithosphere occurred at 95—
84 Ma in the Late Cretaceous (Hdssig et al., 2016). Such obducted
belt was later reworked during continental collision between the
magmatic arc and the continental margin of the Southern Arme-
nian and Anatolide-Tauride blocks in the latest Cretaceous-Early
Eocene (Maastrichtian-Ypresian; Cavazza et al., 2017, 2019). This
complex history of obduction, multiple accretion episodes, and
overthrusting has left large outcrops of reworked mélange or iso-
lated ophiolite klippen identified by geological mapping, which is
the challenge for our study, as we aim to investigate whether a
coherent signal connecting the single outcrops can be identified.
The Sevan-Akera ophiolite belt has been proposed to be the east-
ward continuation of the Izmir-Ankara-Erzincan suture (IAES), an
observation we intend to verify through the match of the positive
gravity anomaly found along the Lesser Caucasus range. Prior to
continental collision, the subduction of the northern Neotethys
underneath the Eurasian continental margin produced the
Somkheto-Karabakh magmatic arc (see Fig. 2, SKB), dated
Middle-Upper Jurassic (Galoyan et al., 2018). In the northwestern
part of the LC the magmatic arc stratigraphic succession is exposed,
and consists of 3000 m basalts, volcaniclastic turbidites and ande-
site, overlying Variscan basement. The Kimmeridgian has wide-
spread intrusions including granodiorite, gabbro, both dense
rocks, next to quartz-diorite and plagiogranite. The Early to Late
Cretaceous units have reduced thickness of terrestrial and shallow
marine environments. The Senonian succession again contains
dense magmatic rocks including pillow lavas and massive-basalt
lava flows. The end of magmatism is dated as Campanian to
Maastrichtian.

The relative movement between Arabia and the Eurasian plates
is ongoing, with a northwards movement of Arabia 20 to 30 mm/yr
(Reilinger et al., 2006), with maximum values of convergence
found along the Hellenic subduction zone, where we have a med-
ian rate of 50 mm/yr (Barbot and Weiss, 2021). These various high-
velocity rates result in an oblique convergence, creating strong
seismicity with destructive earthquakes of magnitude up to 8
(Raeesi et al., 2017), active faulting and crustal deformation. The
seismic activity reflects the strain rate estimated from space
geodetic observations (Raeesi et al.,, 2017). The localization of
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seismicity is ascribed along definite bands due to the influence of
rigid blocks, as is the Arabian Plate (Irandoust et al., 2022). The
compressive belts between these blocks focalize the major defor-
mation, shortening and seismicity at the northern and eastern bor-
ders of the Iranian Plateau (Masson et al., 2004).

The tectonic history has affected the crust in terms of crustal
thickness variations, sedimentation, magmatic intrusions and
basalt deposits, which through the mass variations compared to
areference density column are detectable through the gravity field.
We investigate the density inhomogeneities in Section 5.

3. Database

The data necessary for the study have been collected in a data-
base containing gravity field, topography, seismic tomography, the
geologic map, sediment thickness where available, and a Moho
thickness model. The different datasets are illustrated in the
following.

3.1. Gravity anomalies definition

The gravity anomalies are derived from the global model of the
Earth gravity potential field XGM2019 (Zingerle et al., 2020), a
model available in the spherical harmonic (SH) expansion of the
field up to degree and order N = 5399. Due to limited resolution
in terrestrial measurements, the degrees above N = 719 on land
have been synthesized with infill data from the topography, so in
our continental study area the expansion up to degree N = 719 is
appropriate. The gravity data are calculated on a regular grid of
0.05° grid sampling along latitude and longitude. The extents of
the grid we computed are 15°-49° in latitude and 24°-46° in lon-
gitude. The computation height is 8 km, which ensures that all
computation points lie outside of the topography. We reduce the
gravity anomalies for the global effect of topography using the glo-
bal model EARTH2014 (Rexer et al., 2016), a spherical harmonic
expansion of the gravitational potential of topography generated
with the standard density of 2670 kg/m> for topography, and
1030 kg/m> for water, respectively. Subtracting the gravity field
derived from the global model EARTH2014, limiting the expansion
up to degree N = 719, with a grid step of 0.05° results in the Bou-
guer anomaly. Applying a global topography correction results in a
Bouguer field which may be shifted positively or negatively with
respect to the classical Bouguer anomaly, calculated up to the stan-
dard Hayford radius of 167 km (Hayford and Bowie, 1912) from
each observation point (Szwillus et al., 2016). Despite this fact,
applying a global correction is preferable as it corresponds to the
gravity field consistently reduced by the complete effect of topog-
raphy. In a previous study of the crust in the Alps, we have found
that the first coefficients up to degree and order 12 of the SH
expansion are independent of regional geology and topography,
and therefore are generated by deep mantle density variations,
presumably in the sublithospheric mantle or lower (Tadiello and
Braitenberg, 2021). A similar result is found in the Caucasian region
(Fig. 3). The topography is derived from the SH expansion of the
global topography (Amante and Eakins, 2009) model ETOPO1.
The field of gravity anomaly (sometimes termed free air anomaly),
Bouguer gravity anomaly and of the long wavelength Bouguer field
at these very low degrees, corresponding to wavelengths longer
than 3330 km (corresponding to the degree 12), are shown in
Fig. 3a-c. The long wavelength Bouguer field shows a close to lin-
ear trend with increasing values from East to West, in the range of
100 mGal. This field is not relevant for the interpretation and
inversion of the crustal anomalies, and is shown for documenta-
tion. The regression analysis we explain below, eliminates this
trend from the field used for the crustal study.
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Fig. 3. Maps of gravity for the Caucasus area. (a) Free air gravity anomaly, (b) Bouguer gravity field, (c) Degree 2 to 12 of the Bouguer field.

The topography (Fig. 2a) has a close relation to the pattern of Bouguer field. The Greater Caucasus forms a northwards arcuate
the gravity anomaly and Bouguer gravity field, in general correlat- arc in continuation of the Ashgabat-Turkmenbashi-Baku (AR)
ing positively with the gravity anomaly and negatively with the strike-slip and thrust lineament that divides the northern from
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the southern Caspian Sea, and the mountains south of Ashgabat
from the Turkmen lowlands and desert. South of the Greater Cau-
casus a lowland (the Rioni-Kura basin) connects the Caspian Sea
with the Black Sea. To the south, the Lesser Caucasus forms a broad
arc of high topography merging into the high elevations of the Pon-
tides. To the southeast, the elevated topography of the Lesser Cau-
casus continues into the Alborz following the southern margin of
the Caspian Sea.

3.2. Seismology-derived Moho depths

The crustal structure of the study area has been recently the
object of different seismologic studies, in particular exploiting
receiver functions, seismic refraction and seismic tomography.
Among the different studies, we rely on two recent products by
Gvirtzman et al. (2016) and Kaviani et al. (2020) which report
respectively Moho depths and a complete 3D velocity model.

Kaviani et al. (2020), developed a 3D shear wave velocity (Vs)
model of the whole Middle East lithosphere, applying a surface
wave tomography approach. Starting from over 54,000 ray paths,
the authors obtained robust estimates of the group velocities from
which dispersion curves were computed and then inverted to
obtain Vs depth profiles. From the Vs model the authors estimated
the Moho undulation by extracting the depth associated with the
greatest velocity gradient in the depth range 10-70 km (Fig. 4a).
The high-quality data allowed obtaining a high-resolution model,
as testified by the checkboard tests, with a final resolution up to
0.25°. The model comprises several layers from surface to the
depth of 110 km, including also a portion of the lithospheric
mantle.

Gvirtzman et al. (2016) produced a compilation of sparse Moho
depths (Fig. 4b) from several and different receiver functions and
seismic refraction studies. The quality of data is quite heteroge-
neous and it is hard to assess the uncertainty. In addition, the spa-
tial coverage is far from uniform: the Caucasian range is covered by
few sparse points with average inter-distance of 150 km. A cluster
of dense observations is present in NE Iran (S of Naxcivan and
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Kapan), as well as near the city of Tehran. Some Moho depth esti-
mates are available for the Caspian Sea.

The crustal model is consistent with the general geological out-
line of the area: thicker crust beneath the Anatolides-Taurides, the
Lesser Caucasus and the Zagros, while thin crust is observed over
the Black Sea, Caspian Basin and Arabian plate.

The Moho depths of Kaviani et al. (2020) (Kaviani model) and
Gvirtzman et al. (2016) (Gvirtzman depths) are generally consis-
tent but local discrepancies exceeding 10 km may be present
(Fig. 4c and d). Fig. 4c was generated by subtracting the depth val-
ues of the Kaviani model from the Gvritzman depths; to take into
account the different distributions of the Gvirtzman Moho depth
data points, these were averaged over areas of 0.25° x 0.25° (block-
mean function in Generic Mapping Tools (GMT), Wessel et al.,
2019). Differences are particularly significant in the Tehran area
and southwest of Naxcivan (an area called Qaradag mountaineous
area), probably related to the quite complex geological framework
of the area (magmatic complexes) which may complicate the
velocity structure.

3.3. Sediments database

We have reviewed the available data of sediment thickness or
basement depths maps over our study area and have found models
for the South Caspian Sea. We here present the different studies
divided by area for which the data were available. The model of
sediment thickness for the central Caspian, across the Absheron
ridge (AR), is found in Green et al. (2009). Sediments reach the con-
siderable thickness of 24 km just south of the Absheron ridge (AR),
with a maximum in the eastern part (Fig. 5a-c). North of the ridge,
sediment thickness is much lower, ranging mostly between zero
and 10 km depth, with a very limited east-west striking trench
50 km to the north of the Absheron ridge. The published map
has been digitized directly from the colored image by a color-to
depth transformation based on the color-coding of the scale bar.
The data is provided as a map with discrete step of 2 km in depth,
a result of quantization on a color scale bar with fixed intervals.

Oanlmup

36,00°N

36.00°E

Fig. 4. (a) Moho depth according to Kaviani et al. (2020) model; (b) database of Moho depths according to Gvirtzman et al. (2016) (coloured circles). The coloured pixels
report the blockmean average of the Moho depths calculated over a grid of 0.25° x 0.25°; (c) depth difference between the Kaviani and Gvirtzman Moho models. For
Gvirtzman the blockmean averaged values were used; (d) histogram of the differences between the Moho models.
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Fig. 5. Sediment thickness for the South Caspian Basin and Kura basin as digitized from relevant publications (a) Green et al. (2009); (b) Artyushkov (2007); (c) For the larger
area the model of [randoust et al. (2022) is shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Geolocalization was performed by matching the outlines of the
Caspian Sea between the colored map and the digital coastlines,
because coordinates were not published together with the base-
ment depth map. The final grid has a grid spacing of 0.0066°, cor-
responding to the pixel size in the original figure of the publication,
and was obtained by interpolating the stepwise constant map with
a linear interpolation (griddata function in Matlab, with default
parameters).

A model of the sediment thickness for the southern Caspian Sea
and the Kura basin is given in terms of contours in Artyushkov
(2007) (Fig. 5). The map was georeferenced and the isolines digi-
tized, and then interpolated with a grid spacing of 0.25°. Three
deep depocenters reaching 20 km depth can be identified in the
southernmost east and west Caspian Sea, and south of the
Absheron ridge. Furthermore, the deepening of the basement
below the Kura basin is found, the basement depth here reaching
13 km.

In the work of Irandoust et al. (2022) the uppermost layer of a
seismic tomography model is interpreted to represent the sedi-
ment layer for all of Iran, using the limit of Vs 3.1 km/s as bottom
of the sediments (Fig. 5¢). The depth variation of this uppermost
layer is between 0 and 25 km. The image was automatically con-
verted to basement depth based on the color scale, with a depth
resolution of 1 km, and a grid spacing of 0.023°. The southern Cas-
pian shows a single basement deepening, reaching 25 km depth,
the remainder southern Caspian having basement depths of
15 km. The sediments extend without loss of continuity into the
Kura basin to the west, and the western Turkmenistan basin to
the east. A large and deep basin is found in East Turkmenistan to
the east of the Caspian Sea, on the Turan platform.

The available sediment thickness models show a remarkable
magnitude of disagreement in areas with overlapping coverage,
which would result in a problematic data assimilation strategy —
carrying the risk of negatively affecting the uncertainty of the grav-

ity data reduction procedure. Therefore, we opted not to use the
sediment thickness in the forward modeling procedure. In addition
to this, no regional-scale sediment thickness data is available for
the Caucasus area.

4. Isostatic equilibrium through regression analysis of gravity
and topography and gravity inversion

The gravity data has been analysed through a regression analy-
sis between the Bouguer anomaly and the topography in order to
estimate and separate the deep crustal gravity contribution from
the gravity effects of the shallow geological units. The method
has been successfully applied for isolating crustal gravity anoma-
lies in Central Africa (Maddaloni et al., 2021), the African continent
and the Alps (Braitenberg et al., 2013; Braitenberg, 2015), and dis-
cussed in general terms explaining the relation to isostasy in
Pivetta and Braitenberg (2020). The workflow is illustrated in
Fig. 6.

The method relies on the assumption that the Bouguer field
(BG) is dominated by the effect of the crustal roots which are
expected to be anti-correlated with the topography h(x,y), as a
consequence of isostasy, for a certain frequency range. The range
is specific to each study area and must be determined for each case.
Hence, through a regression analysis, the isostatic contribution
(BGiso) can be separated from the non-isostatic field (BGres), which
is mainly related to the effect of crustal density inhomogeneities
uncorrelated with topography. In formulas the two fields are
expressed as:

BGiso(x,y) = mh(x,y) +q (1)

BGres(x,y) = BG(x,y) — BGiso(x,y) (2)
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Fig. 6. Workflow of the data processing.

The regression analysis is an alternative to the customary forward
modelling procedures to estimate and remove the isostatic effects
and has the advantage of being aparametric, so that rather than
imposing an a priori crustal model, the isostatic model that satisfies
the Bouguer field is estimated from the data itself.

Before performing the regression analysis, two pre-processing
steps on the topographic data are required: (i) computation of
the equivalent topography, which allows to express the loading
over oceanic areas with an equivalent load as it was in the onshore
areas, and (ii) equalization of the spectral content of the two fields.

The equivalent topography can be defined as follows:

h(x,y) for h(x,y)>0
heq(x,y) = {h(x,y)%forh(x,y) <0 (3)

where pc is the average crustal density used for the Bouguer correc-
tion (2670 kg/m?> in our case) and pw is the water density.

Spectral equalization implies a low pass filtering of the topogra-
phy in order to account for the “Earth filter”, which is caused by the
natural decrease of the gravity field with the squared distance from
the source. Practically, the optimal cut-off wavelength of the filter
can be estimated by computing the radial averaged spectra of
topography and gravity and inspecting the coherence/coherency
spectral attributes as discussed in Pivetta and Braitenberg (2020).

From these considerations, according to Maddaloni et al. (2021)
and Pivetta and Braitenberg (2020), the Bouguer field at a general
location x,y can be approximated as a sum of an isostatic term and
a non-isostatic term as follows:

BG(x,y) ~ 2nGp heq(x,y) * F+ € 4)

where G is the universal gravity constant, p, is the average crustal
density, heq(x,y) is the equivalent topography which is convolved
with the function F being the Fourier transform of the low-pass fil-
ter, * being the convolution symbol. The first term on the second
member of the equation is the isostatic term, that is estimated by
the regression, while ¢ represents the residual part component
not involved in the isostatic process. By comparing Egs. (1) and
(4), we see that in the case of a compensated topography, the linear
coefficient of Eq. (1) should be close to the Bouguer gradient, hence
the slope m of the regression line should be close to 2nGp.. Devia-

tions from the theoretical coefficient may be ascribed to different
isostatic mechanisms or to systematic changes in the crustal den-
sity. For instance, a rigid crust able to support large scale topo-
graphic loads would lead to lower slope values with respect to an
Airy-type local compensation response. For a more detailed discus-
sion on all these aspects the reader is referred to Pivetta and
Braitenberg (2020).

The main objective of the present study is the Caucasian region
but, given the typical wavelengths that characterize the isostatic
variations of the crustal thickness, the regression analysis was
made on a much wider area, comprising the Caucasus and extend-
ing southwards to the Iranian plateau. Another reason making the
analysis over a wider area preferable is the greater statistical sta-
bility to determine the average regression parameters. Further,
the regression parameters are less influenced by the local crustal
inhomogeneities. Here we apply the regression analysis to the
entire Iranian plateau and the nearby Caspian Sea, Zagros foreland
basin and Arabian Platform. For the further analysis of the area, we
then considered both the gravity field predicted by the regression
line (due to the deep crustal thickness variations) as well as the
residual field, which is related to crustal inhomogeneities, to con-
struct a consistent crustal density model that satisfies both fields.

The correlated part of the Bouguer field is what can be alterna-
tively retrieved by a classic lithospheric flexure analysis, or an a
priori crustal model retrieved from seismic investigations. In the
area between the Black and Caspian Seas, the seismic tomography
data have lower resolution compared to the gravity field, so the
estimate of the regression analysis is a valid method here to deter-
mine gravity field reflecting crustal inhomogeneities. The classic
isostatic analysis requires relevant modeling parameters, like
equivalent elastic thickness, whereas the regression analysis is
aparametric, and therefore preferable here.

5. Inversion for Moho depth and crustal density
inhomogeneities

To quantitatively interpret the fields from the regression analy-
sis we applied different inversion schemes. The deep crustal contri-
bution (BGiso) is inverted exploiting the approach of recovering the
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depth of an undulating interface around a reference depth through
an iterative inversion of the gravity anomalies. Our in-house soft-
ware Lithoflex employs a hybrid spectral-spatial domain scheme
so that the inversion is performed in the spectral domain, exploit-
ing the first term of the Parker formula, while the forward mod-
elling is done in the spatial domain, discretizing the mass
through prisms. At each iteration the interface depth is adjusted
by inverting the residual gravity field of the previous iteration;
the program ends after reaching a user-defined maximum number
of iterations and/or an rms threshold.

Parameters to be set for the inversion are (i) a reference depth
of the interface and (ii) the density contrast between the two
media. In our case both parameters are calibrated through a com-
parison with the seismologic observations of Kaviani et al. (2020)
and Gvirtzman et al. (2016), as detailed below.

The regression gravity residual contains information on the
shallower units, which are related to shallow density inhomo-
geneities: positive anomalies are mostly produced by outcrops of
dense metamorphic and volcanic rocks, while negative anomalies
are related to sedimentary units.

We aim to invert these anomalies to recover the thickness of the
causative bodies by imposing an a priori density contrast and
assuming to know the top surface (in most cases the topography).
We employ an iterative inversion scheme implementing the
Marquardt-Levenberg algorithm which minimizes an objective
function constituted by the misfit of gravity observations and some
regularization functions (such as smoothness or total variation)
(Martins et al., 2011). All the computations are performed in the
spatial domain by discretizing the volume of interest in prisms.

Two cases are considered: inversion considering a unique den-
sity contrast and a density contrast that varies with depth.

The second case is particularly relevant for inverting the basins
depth, taking into account porosity decrease (and density increase)
with depth because of compaction. The variation of porosity with
depth should follow theoretically an exponential decay (Allen
and Allen, 2013), but there are no analytical solutions of the gravity
effect for a prism with such compaction law. An analytical solution,
which is indispensable for speeding up the computations, exists for
other functionals, such as the following parabolic formula (Lima
et al, 2011; Martins et al., 2011), which approximates quite well
the exponential decay of the density contrast (Ap,(z)):

3
ApsO
2
(Apg — 22)
where Ap,, is the surface density contrast between crust and sedi-
ments and o is a parameter that governs the decrease of porosity
with depth. Consequently we employed this approximation through
the implementation of (Lima et al., 2011; Martins et al., 2011).

Apy(2) = (5)

6. Results
6.1. Regression analysis

The regression analysis using the Bouguer anomaly and the low
pass filtered equivalent topography was performed over the entire
Anatolian-Caucasian region (lat 24°N-49°N, long 24°E-64°E). A
spectral analysis of the fields allowed estimating the optimal filter
characteristics; in particular, we computed the coherency spectral
attribute, which defines the frequency bands in which topography
and Bouguer anomaly anti-correlate according to the isostatic the-
ory. We then iteratively adjusted the transfer function of a low pass
Gaussian filter minimising the difference with the coherency curve.

Fig. 7a and b shows the result of the spectral analysis. In Fig. 7a
we plot the radial averaged spectra, while the sign-reversed coher-
ency curve (i.e. multiplied by —1) is shown in Fig. 7b (red line)
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together with the frequency response of three Gaussian filters
tested for the regression analysis. The best filter has a cut-off wave-
length of 300 km and it is reported with the solid black line in
Fig. 7b. The responses of Gaussian filters with 100 km and
500 km cut-off wavelength are shown with the black dashed lines.

The scatterplot between the Bouguer anomaly and the 300 km
low-pass filtered equivalent topography is shown through black
dots in Fig. 7c. The regression line, estimated by least squares fit-
ting of the observations, is reported in orange. We find a regression
slope of —0.0875 mGal/m with a rather small uncertainty of +/—
0.0001 mGal/m. The value is a bit lower than the theoretical Bou-
guer gradient—0.11 mGal/m) (Pivetta and Braitenberg, 2020), likely
the result of a slightly more rigid lithosphere with respect to the
Airy isostatic response. The map of the regression prediction is
shown in Fig. 8a, together with the main geological units. The spa-
tial pattern correlates quite well with the general features of the
Moho model of Kaviani (Fig. 4a). This is expected, since the field
reflects the isostatic Moho variations.

In the same plot, the coloured dots illustrate some relevant
deviations from the regression line due to different geological units
over the study area (outlines reported in Fig. 8a). The green dots for
instance are related to the large negative gravity anomaly gener-
ated by the thick sediment accumulation in the Caspian Sea. The
red dots, conversely, report the Caucasus region, an area character-
ized by outcrops of dense metamorphic and volcanic rocks.

The maps of the regression prediction (BGiso in Eq. (1)) and of
the regression residuals (BGres) are shown respectively in Fig. 8a
and b.

6.2. Inversion of the Moho depth and comparison to the seismologic
Moho

The gravity field BGiso obtained from the regression prediction
originates from the isostatic crustal thickness variation, which we
can obtain through the above-mentioned inversion. The density
contrast at the Moho is a scaling parameter which we test by gen-
erating a gravity inversion for density contrast ranging between
200 and 600 kg/m> and calculating the best fit to the seismologic
Moho of Kaviani et al. (2020). A second parameter is the reference
depth, which we chose minimizing the root mean square (rms) dif-
ference between the inverted gravity and the seismologic Moho in
our focus area (Longitude 35° to 53°, Latitude 35° to 44°). For ref-
erence depths of 30 km, 32.5 km, 35 km, the rms and maximum
differences in the area are respectively 2.9 km (min = —10.4 km,
max 6.2 km, average difference = —1.3 km), 2.3 km (min = -8.1
km, max 7.4 km, average difference = -0.04 km), 2.8 km
(min = —5.8 km, max 10 km, average difference = 1.2 km). Along
a profile orthogonal and parallel to the Caucasian range, we illus-
trate the relation between the inverted gravity Moho and the seis-
mologic Moho. We also show the gravity fields (correlated to
topography and residual), and the topography along the profile.
The gravity Moho for different values of the crust density contrast
is shown. The inversion with optimal densities and optimal refer-
ence depth (32.5 km) leads to differences between the seismic
and gravity Moho within + 8 km. See (Figs. 9 and 10).

6.3. Inversion of the sediments from gravity

The gravity inversion was made using the negative upper crus-
tal gravity signals, using a density contrast of —400 kg/m?, which
decays towards zero with depth with a parabolic function due to
compaction, defined by the parameter 5 kg/m?/km (Martins
et al,, 2010). The density contrast acts as a scaling parameter of
the inversion, with a lower contrast leading to a deeper basement.
Lacking constraints on the density contrast, we opt in providing the
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solution resulting from a range of plausible density values. The
maximum sediment thickness occurs in the Caspian basin, strad-
dling the Absheron ridge. Given the rather large variations
between models of the basement depth, the extraction of a varying
density that fits the constraints from the retrieved models is
unconvincing. We therefore suggest that the sediment thickness
model from gravity can be seen as an equivalent model, which
scales with density and requires further information to reduce
uncertainties. The superficial density of —800 kg/m> would lead
to a too shallow basement depth of only 4 km, inconsistent with
the published values, a value of —600 kg/m> would give an inter-
mediate depth of 8 km.

6.4. Inversion of crustal density inhomogeneities

The inversion of the positive gravity residuals gives us the
thickness and extent of the upper crustal inhomogeneities. Since
constraints on these inhomogeneities are scarce to absent, we test
the range of plausible parameters to define the confidence bounds
of the solution. There is an inherent tradeoff in the solution, depen-
dent on the parameters, between depth and thickness of the inho-
mogeneity, the variations being similar independently of depth.
The deeper the top of the inhomogeneity is assumed to be, the
greater the thickness, the shape of the variations being hardly
affected. We chose to set the top of the inhomogeneities equal to
the topography. We do not have constraints on the density, a scal-
ing factor as already mentioned, with smaller density contrast
requiring a greater thickness and vice versa. We choose a density
contrast of 250 kg/m?, justified by the density difference between
a mafic crustal rock as gabbro/basalt (2920 kg/m?) and a granitic
upper crust of 2670 kg/m?>. The thickness of the inverted inhomo-
geneities is shown in Fig. 11, and reaches maximum values of
10 km.

Three subparallel linear inhomogeneities dominate the Cau-
casian region (Fig. 11): the northernmost (B1) in the Greater Cau-
casus (GK), the middle one (B2) parallel to the Sevan-Akera suture,
reaching the Caspian Sea at Lankaran and turning southward along
the shores of the southwestern Caspian Sea into the Alborz. The
southernmost line (B3) extends from Kars SSE-ward to Naxcivan
down toward Sanandaj. An isolated positive inhomogeneity is
north of the East Anatolian Fault (EAF), limited by two splays of
the EAF, the southern one of which was activated in the 2023
Kharamanmaras earthquake (Barbot et al., 2023). In Fig. 11a, we
focus on these areas to compare the position in detail to the exist-
ing faults. The result is striking, in that the inhomogeneities follow
the tectonic trends closely, and therefore it is highly probable that
they reflect the collision history and processes of subduction and
terrane amalgamation of the region, as outlined by geological
inference (Sosson et al., 2010; Hassig et al., 2016; Rolland et al.,
2016; Rolland, 2017; Cavazza et al., 2019; Ismail-Zadeh et al.,
2020; Corrado et al., 2021).

The crustal inhomogeneity close to the EAF (Fig. 11a) is
bounded to the south by the EAF and to the north by secondary
fault splays of the EAF system. The 2020 Elazig earthquake broke
the sector of the EAF, which limits the positive inhomogeneity cen-
tered on the town of Elazig. The E-W-trending fault splay that was
activated 9 h after the Kharamanmaras shock departs from the EAF
at the southern termination of this crustal body. The E-W splay
bounds a smaller inhomogeneity, which lines the splay north of
it. A third crustal body, which is bounded by two faults of the
EAF system, is east from Elazig, extending westward from Bitlis,
and centered on the town of Mus. It is bounded to the south by a
strike-slip fault, to the north by a thrust.

The zoom on the Lesser Caucasus (Fig. 11b) illustrates the
extent of the intermediate high density body (B2) and its relation
to the main structural features of the area. We have retrieved the
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existing mines in Armenia (Mineral industry of Armenia - Wikipe-
dia), whose areal distribution partly correlates with the body. Min-
eralizations in the Lesser Caucasus are epithermal deposits
associated with magmatism and as such, they are an integral part
of the Somkheto-Karabakh magmatic arc. The positive gravity
anomaly is most likely due to the magmatic intrusive rocks, which
have been associated to two distinct mineralization districts of the
Lesser Caucasus (Mederer et al., 2014). The mineralizations are
small-volume bodies which cannot influence the regional gravity
field at the broad scale we are considering. The correlation points
to the fact that the hydrothermal fluids which led to the mineral-
izations are linked to the presence of the magmatic bodies which
generate the positive gravity lineaments in association with the
ophiolite root zones of the Sevan-Akera suture, as discussed below.
The precious metals mines north of Lake Sevan follow the high
density body, between the Armenian-Azerbaijan border north of
Spitak and Aghdam in Azerbaijan. Another group of mines west
of Kapan are not associated to the body, whereas the mines close
to Kapan are. The lack of mines in the continuation of the crustal
body does not mean they are uncorrelated, as we lack the informa-
tion on mines.

7. Discussion

The working hypothesis in this study is that the regression anal-
ysis successfully separates the gravity field generated by crustal
thickness variations from the one generated by crustal density
anomalies at superficial to mid-crustal levels. We were able to sep-
arate robustly the gravity signal of the upper crust from the
remainder signal, the latter being dominated by crustal thickness
and crustal density variations, which contribute to maintain the
isostatic equilibrium of the crust. We find that the Moho depth
variations obtained from either gravity inversion or seismic tomog-
raphy are consistent, when density variations at the crust-mantle
boundary are taken into account. We find reasonable values of
the density contrast between crust and mantle ranging between
200-300 kg/m> in most of the orogenic areas; higher values are
found in the Arabian plate and generally in areas where the topog-
raphy is not relevant or even absent. In these areas, however the
“optimal” density contrast from gravity is a bit questionable since
all the inverted gravity Moho's converge towards the reference
value, and hence all models fit the observations reasonably well.
The differences between different density contrasts are in the
range of few km or even less, and hence they fall within the
expected uncertainty of the inversions.

For what concerns the upper crustal density variations,
retrieved from the regression residuals, we resolve thicknesses
up to 10 km which extend horizontally as linear geometries over
1000 km, with cross widths of 50-100 km. The exact thickness
and depth are parameter dependent, as the density contrast acts
as a scaling factor for vertical extension of the linear body. Density
variations in the mantle are expected to generate much longer
wavelengths than the fields typical for the upper to middle crust;
hence, we are prone to exclude a deep origin of the observed
residuals.

Starting from this assumption, we observe that the strong linear
anomalies present in the Caucasian collisional belt basically follow
the boundaries of the geological terranes which were sequentially
accreted along the southwestern Eurasian margin during continen-
tal assemblage. The anomalies match outcrops of high-density
ophiolites and magmatic arcs, and provide cogent constraints on
the actual extent and geometry of the terrane boundaries also in
areas covered by sediments or volcanics. Following is a discussion
on the possible interpretation of the gravimetric anomalies within
the context of ophiolitic suture zones.



C. Braitenberg, G. Maurizio, T. Pivetta et al.

Ophiolite belts typically mark the location of ancient suture
zones caused by collisional events between lithospheric terranes.
During such collisions, sections of the Earth’s oceanic crust and
the underlying upper mantle are emplaced within lower density
continental rocks, thus producing distinctive lithological, geo-
chemical and petrophysical signatures within the continental fab-
ric (e.g. Moores and Twiss, 1995; Dilek and Newcomb, 2003; Dilek
and Furnes, 2011). Despite being prone to subsequent reactivation
and the resulting structural disruption, continental suture zones of
all ages are marked by large volumes of high-density rocks and the
corresponding gravimetric anomaly, as shown by a number of
gravity profiles across suture zones worldwide (e.g. Petrovic
et al., 2015; Barretto et al., 2020; Zaigham and Mallick, 2000). Con-
versely, obducted ophiolite sheets produce broad areas of
increased anomaly instead of narrow intense linear bands. In our
study area, the inversion of positive gravity residuals shows three
distinct and sub-parallel linear belts of positive gravity anomaly,
which can be interpreted as marking the progressive accretion of
lithospheric terranes against the southwestern continental margin
of the Eurasian plate. The gravity survey highlights major litho-
spheric (plate) boundaries also in regions where they are covered
by sediments or volcanic rocks, thus contributing to the solution
of persistent uncertainties as to the extent and the timing of amal-
gamation of various lithospheric blocks in the Caucasian—eastern
Anatolian region.

(i) The northern belt (B1) can be associated with the litho-
spheric boundary between the Scythian Platform to the
north and the so-called Transcaucasian Block to the south.
This is a complex boundary which compounds intermittent
cycles of collisions and backarc opening culminating with
the Late Triassic closure of the South Crimea-Kiire-Svanetia
basin (Nikishin et al., 2012) and the corresponding final
docking of the Transcaucasian Block against the southern
continental margin of Eurasia. This suture is now concealed
by the thick sedimentary succession associated with the
Jurassic opening of the Greater Caucasus backarc rift basin,
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which basically followed the former terrane boundary. Sliv-
ers of the Paleozoic ophiolite belt are now exposed at the
surface in the Greater Caucasus with a total thickness of
ca. 2000 m (Zakariadze et al., 2013). The complex is struc-
turally dismembered, nonetheless it shows a complete ophi-
olite sequence, including mantle components. Gravity
anomaly B1 decreases progressively from northwest to
southeast, in agreement with progressively decreasing
amounts of tectonic shortening along the Greater Caucasus
(Ismail-Zadeh et al., 2020; Mosar et al., 2022). Considering
that the procedure employed in this study highlights density
contrasts in the upper crust, it could be concluded that the
higher degree of shortening in the western Caucasus has
partially exhumed a section of the ophiolite belt, which in
the eastern Caucasus is instead still buried deeply below a
thick pile of thrust sheets made of sedimentary rocks.

(ii) The second linear gravity anomaly (B2; Fig. 11) runs parallel

to the Sevan-Akera suture zone created by the latest Creta-
ceous docking of the South Armenian Block against the
southwestern continental margin of Eurasia (Transcaucasia)
(Nikishin et al., 2012; Van Hinsbergen et al., 2020). Fast
exhumation related to such docking has left a ther-
mochronologic signature which is still locally present
despite subsequent intense deformation (Cavazza et al.,
2019). The Sevan-Akera suture is the foremost geological
boundary of the region, separating Variscan terranes of Eur-
asian affinity to the north from Panafrican terranes of Gond-
wanian affinity to the south (Rolland et al., 2012, 2016; and
references therein). Subduction of the northern Neotethys
underneath the Eurasian continental margin prior to colli-
sion is illustrated by a thick and mainly calcalkaline mag-
matic arc and associated volcaniclastic series ranging in
age from the Bajocian to the Maastrichtian (Sosson et al.,
2010), when magmatism ceased following continental colli-
sion. The Sevan-Akera suture zone is highly disrupted and
we infer that the gravity anomaly is the result of the
combined contributions of the ophiolite bodies and the
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Fig. 14. Surface velocities derived from GNSS and thickness of the high-density bands. The surface velocities correlate with the directions of the high-density bands, in
particular with bands B2 and B3. The movement recorded by GNSS and reproduced by a dynamic model (Barbot and Weiss, 2021) is northward oriented in the Arabian
peninsula, and turns northwestward on the Anatolide-Tauride block and northeastward in the Iranian block. GNSS velocities compiled from different sources (Blewitt et al.,

2016; Khorrami et al., 2019; Serpelloni et al., 2022).

magmatic arc, both made of higher density rock types com-
pared to the surrounding sedimentary successions. To the
west, anomaly belt B2 connects -with some discontinuity-
with a smaller gravity maximum generally elongated west-
east and corresponding to the western portion of the
Adjara-Trialeti fold-and-thrust belt, where ocean-floor crus-
tal sections related to the opening of the eastern Black Sea
have been deformed and uplifted during Neogene compres-
sion (Gusmeo et al, 2021). To the southeast, the central
anomaly belt joins somehow another prominent linear
anomaly running along the Alborz Mountains and the south-
ern Caspian shoreline. The latter follows closely the inter-
preted extent of the Cimmerian (Paleotethyan) suture
along which the Gondwana-derived Iranian Block collided
with Eurasia in the Triassic (Stampfli and Borel, 2002;
Muttoni et al., 2009; Barrier et al., 2018), thus further sub-
stantiating the causative connection between suture zones
and belts of positive gravity anomalies.

(iii) The third linear positive gravity anomaly (B3; Fig. 11) runs
for about 250 km almost parallel to the second one, ca.
80-100 km to the south. It connects the outcrops of the
Kagizman (NE Turkey) and Khoy (NW Iran) ophiolite bodies.
Direct correlation at the surface between the two outcrop
areas is hampered by the widespread Late Miocene-Quater-
nary volcano-sedimentary succession, typical of the
Anatolian-Iranian plateau, but our results show a well-
defined positive gravity anomaly pointing to the existence
of a major lithospheric boundary connecting the Kagizman
and Khoy ophiolites. The anomaly runs along the Araks val-
ley to the west of Yerevan, where unpublished borehole data
(Hoktemberian-1 well) document the occurrence of
a >1800 m thick succession of high-density rocks such as
gabbro-norite and diabase. The borehole did not reach the
bottom of the ophiolite succession. Based on lithostrati-
graphic correlation and the lack of a clear-cut geological
boundary, South Armenia has been long considered merely
as an eastern prong of the Anatolide-Tauride Block (Okay
and Tiysiiz, 1999; Rolland et al., 2012; Barrier et al,,
2018). More recently, based upon the integration of paleo-
magnetic and geological observations, van Hinsbergen
et al. (2020) and Nikogosian et al. (2023) pointed out that
there must have been at least a few hundreds of kilometers
of distance between the eastern end of the Anatolide-
Tauride terrane and the South Armenian Block before their
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amalgamation during the Paleogene and the creation of a
Kagizman-Khoy suture, in agreement with our gravimetric
dataset. Alternatively, one might argue that anomaly belt
B3 is the result of the southward thrusting of ophiolite
allochthonous sheets rooting into the Sevan-Akera suture
zone to the northeast. While obduction has been proven
for relatively small-scale ophiolite allochthons such as the
Vedi ophiolite of western Armenia (Sosson et al., 2010), their
aspect ratio does not have the vertical extent required to
generate the observed anomalies. Recognition of an inde-
pendent South Armenian microplate modifies significantly
the interpretation of the lithospheric architecture of the
Caucasian-eastern Anatolian region (Fig. 12).

Comparing the high-density belts with the tomography model
(Fig. 13), we find that the upper crustal inhomogeneities are not
resolved by the seismic tomography and do not correspond to clear
changes in the bulk crust. Broad areas of increased crustal veloci-
ties are observed along the profiles, but they are too large to
explain the relatively narrow and elongated gravity highs that
are present in the gravity field. The Arabian plate has generally
high velocity mantle lithosphere (4.5 km/s), as seen in profiles
AA’, BB, CC', whereas the slightly increased crustal velocity
(3.8 km/s) is limited to its western part, as seen in profile
AA’ - in fact this property is subdued towards east, and is hardly
present in profile BB'. The South Armenian Block has increased
velocity mid and lower crust, where it is cut by profiles BB’ and
DD’ (Vs 3.7 km/s). The Anatolide-Tauride block has a well-defined
low velocity mantle lithosphere (Vi 4.1 km/s), and a slightly low
velocity crust (Vs 3.4 km/s). The Iranian plateau is underlain by
an upper crust lens of increased velocity between 10 and 20 km
depth (Vs 3.7 km/s), as seen in profile CC’, to which a gravity anom-
aly is not associated. Further south-west towards Iraq and north-
east toward the Caspian Sea, the crustal velocity is homogeneous
between 3.3 and 3.4 km/s, increasing again below the Arabian
plate.

Regional seismic tomography, which resolves the lithosphere
and crust, cannot identify upper crustal inhomogeneities, because
the propagation of surface waves is more sensitive to the velocity
structure of the mid to lower crust and the upper mantle.

The horizontal velocity field derived from GNSS shows some
degree of correlation with the location of the high-density belts,
in particular B2 and B3. We use a compilation of GNSS velocities
(Civiero et al., 2023) from different sources (Blewitt et al., 2016;
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Khorrami et al., 2019; Serpelloni et al., 2022) to display the move-
ment, which has been also reproduced by a dynamic model (Barbot
and Weiss, 2021). The movement is northward oriented in the Ara-
bian Peninsula (Fig. 14), and turns northwestward on the
Anatolide-Tauride block and northeastward in the Iranian block
(see Fig. 1 for the domains). The divide between the NE/NW direc-
tions coincides with the southernmost band B3. This could mean
that the NE movement is the residual of the convergence that led
to the subduction processes, and that presently the crustal bands
cause upper crustal inhomogeneities that drive the surface velocity
changes induced by the northward indentation of the Arabian
Peninsula.

8. Conclusions

Ophiolite belts typically define suture zones between litho-
spheric terranes and provide fundamental data on the geodynamic
evolution of ancient oceanic basins and the surrounding continen-
tal masses.

In the Caucasian-eastern Anatolian region, a seamless gravity
dataset was used to identify connected structural features hidden
below the surface in the crust, which had remained unresolved
up to now.

The eastern Anatolian-Caucasian region features a series of lin-
ear gravimetric anomalies corresponding to the main geological
boundaries resulting from the sequential accretion of lithospheric
terranes against the southwestern continental margin of the Eura-
sian plate from the Late Paleozoic. Widespread sedimentary and
volcanic covers obscure some of the principal tectonic boundaries
in the region, and major uncertainties persist as to the number and
extent of the various terranes. Crustal density inhomogeneities,
related to obducted ophiolite belts and accreted magmatic arcs
can be interpreted as related to specific tectonic events, thus clar-
ifying the overall architecture of the eastern Anatolian-Caucasian
lithospheric mosaic and placing cogent constraints on its accre-
tionary history. Three discrete, linear belts of intracrustal increased
density are found along (i) the Greater Caucasus, marking the
docking of the Transcaucasian Block, (ii) the Lesser Caucasus,
marking the docking of the South Armenian Block, and (iii) a pre-
viously unidentified parallel belt ca. 80 km south of the Lesser Cau-
casus. The latter gravity anomaly defines the southern margin of
the South Armenian Block, previously considered merely the east-
ern termination of the Anatolian-Tauride Block. The results of this
study indicate how the inversion of satellite-derived gravimetric
data can be used to better constrain the process of continental
growth, particularly in those areas where terrane boundaries (i.e.
suture zones) have been masked by later sedimentation and/or
volcanism.

By 2030, an improved mission is planned by NASA and ESA, in a
satellite constellation of up to six satellites (MAGIC), which could
bring a further improvement in the gravity field, particularly where
terrestrial data are scarce, and for the observation of the temporal
changes of the field. Looking further ahead, by 2040 a further
improved field is planned to be available through an improved
payload, with a quantum technology sensor including gravity,
gravity gradient and gravity potential observables with a combina-
tion of quantum clocks and cold atom interferometry (Migliaccio
et al., 2019, 2023; Pivetta et al., 2021; Alonso et al., 2022; Rossi
et al., 2022). In view of an improvement on global scale of the grav-
ity field measurement, which will have a higher spatial resolution
with a higher accuracy and smaller root mean square error, our
work shows that applications in the investigation of the crust will
give improved results on the definition of the crustal
inhomogeneities.
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