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Intraplate structural deformation is diagnostic of tectonic stress regime changes linked to plate interac-
tions and can result from superposed tectonic events whose single contributions are hardly distinguish-
able. In this paper, we present a set of integrated thermochronologic inverse models along a 140 km-long
transect across the central Greater Caucasus and the adjacent Adjara-Trialeti fold-and-thrust belt of
Georgia, two intraplate orogens produced by structural inversion of parallel continental rift zones located
on the Eurasian plate. Our dataset allows to distinguish discrete and superposed deformation episodes
and quantify their respective contributions to orogenic exhumation. The integration of (U-Th)/He analysis
on apatite and zircon, fission-track analysis on apatite, and peak-temperature determinations (clay min-
eralogy, organic matter petrography, Raman spectroscopy) shows that structural inversion was punctu-
ated by two incremental steps starting respectively in the latest Cretaceous and the mid-Miocene. Latest
Cretaceous partial inversion of the Greater Caucasus is documented here for the first time and placed in a
geographically wider context of coeval deformation. The two episodes of intraplate structural inversion,
exhumation, and sediment generation are chronologically and physically correlated with docking of (i)
the Anatolide-Tauride-Armenian terrane (Late Cretaceous - Paleocene) and (ii) Arabia (Miocene hard col-
lision) against the southern Eurasian plate margin. Intraplate deformation in the Caucasian domain was
triggered by far-field propagation of plate-margin collisional stress which focused preferentially along
rheologically weak rift zones.
� 2023 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

Sequential juxtaposition of lithospheric terranes along active
continental margins generates superposed strain sequences which
progressively complicate the tectonic interpretation of past colli-
sional events. How then to resolve the incremental nature of
plate-margin deformation and terrane accretion? How is colli-
sional stress partitioned between suture zones and inherited intra-
plate geological structures? Recognition of multiple episodes of
superposed intraplate deformation is extremely difficult if not alto-
gether impossible when later deformation has overprinted the sig-
nature of earlier tectonic episodes. The use of multiple low-
temperature thermochronological techniques with different clo-
sure temperatures generates detailed time–temperature paths,
thus resolving past deformation episodes which otherwise might
go undetected. In this paper, we focus on the structural inversion
of intraplate rift basins, considered as proxies of far-field stress-
regime variations linked to plate geometries and interactions
(Ziegler, 1987; Cloetingh, 1988; Ziegler et al., 1995; Turner and
Williams, 2004; Sandiford and Quigley, 2009; Cloetingh et al.,
2005; Raimondo et al., 2014; Stephenson et al., 2020).

The southern margin of the Eurasian plate has experienced
repeated accretion of Gondwana-derived lithospheric terranes
and is a natural laboratory for studying the relationship between
plate boundary and intraplate processes, the cyclicity of tectonic
activity, and the origin of intraplate stresses. To tackle these issues,
we applied multiple thermochronometers and thermal maturity
g).
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indicators to a 140 km-long transect across two inverted rift basins
parallel to the active southern margin of Eurasia: the central
Greater Caucasus (GC) and the eastern Adjara-Trialeti (AT) fold-
and-thrust belts of Georgia. The study area is well suited as ongo-
ing structural inversion is incomplete and has not yet obscured the
signature of previous collisional episodes. The results define for the
first time two discrete and superposed episodes of intraplate
exhumation/cooling correlated with well-established plate-
margin collisional events, thus delineating a complex history of
plate-margin deformation, collisional stress transfer, and localized
intraplate structural reactivation.
2. Geological setting

The Greater and Lesser Caucasus (Fig. 1) constitute the most
deformed portion of the hinterland of the 2,400-km-long Arabia-
Eurasia collision zone. Head-on collision and deep indentation of
the Arabian plate has caused widespread exhumation of deep-
seated basement rocks along the Bitlis suture of southeastern Ana-
tolia (Hempton, 1985; Okay et al., 1985, 2010; Oberhänsli et al.,
2010; Cavazza et al., 2018) and has also promoted deformation
across a wide swath of the upper (Eurasian) plate, where the reac-
tivation potential of preexisting intra-plate crustal discontinuities
has played a crucial role in focusing far-field collisional stresses
(Vincent et al., 2007, 2011, 2020; Avdeev and Niemi, 2011;
Albino et al., 2014; Cavazza et al., 2017, 2019; Vasey et al., 2020;
Fig. 1. (A) Sketch map of the Arabia-Eurasia collision zone (after Sosson et al., 2010). A
region (from USSR 1:200,000 scale geological maps). Dashed rectangle indicates loca
schematically the geodynamic setting and the tectonic relationships among the various
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Corrado et al., 2021; Gusmeo et al., 2021, 2022; Forte et al.,
2022; Trexler et al., 2022).

The Greater Caucasus (GC) is considered the result of the Ceno-
zoic structural inversion of a former back-arc basin that opened
during the early Mesozoic in the Eurasian lithosphere above the
north-dipping subduction of the Neotethys under the Lesser Cau-
casus magmatic arc (e.g., Zonenshain and Le Pichon, 1986; Mosar
et al., 2010, 2022; Adamia et al., 2011; Ismail-Zadeh et al., 2020).
The actual size and degree of extension of the Mesozoic basin, as
well as the timing of its inversion and the overall exhumation pat-
tern, are a matter of debate. In one end-member model (the rift
inversion model), the GC basin was a relatively narrow continental
rift underlain by continental crust and the orogen, after rift inver-
sion, propagated towards the northern and southern forelands in a
thin-skinned fashion (Nikishin et al., 2001, 2011; Mosar et al.,
2010, 2022; Vincent et al., 2016, 2018). In the other (the collisional
model), the basin was at least ca. 250 km wide and floored by ocea-
nic or highly extended continental crust (Mumladze et al., 2015;
Cowgill et al., 2016, 2018; Tye et al., 2020; Trexler et al., 2022).
The available thermochronologic data constraining the exhuma-
tion pattern of the GC are reviewed in the following chapter.

The GC basin fill is mostly composed of marine sedimentary
rocks of Jurassic-Cretaceous age, with largely predominant shales
and fine-grained sandstone turbidites. Total thickness of the GC
basin fill is in excess of 10 km; a volcanic/volcaniclastic component
is present in the western portion of the orogen (Adamia et al.,
T = Adjara-Trialeti fold-and-thrust belt. (B) Geological sketch map of the Caucasian
tion of Fig. 2. D = Dzirula Massif, K = Khrami Massif. (C) Cross-section showing
domains.
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2011) where Jurassic basalts have been portrayed as being
emplaced within a narrow transtensional basin (Adamia et al.,
1981). Exhumed basement units thrust southward characterize
the GC western and -subordinately- central portions, whereas no
basement is cropping out to the east, where only inverted basin-
fill units are present. The GC is largely asymmetrical, with predom-
inant south-vergent structures, particularly in its western and cen-
tral segments (Adamia et al., 2010; Mosar et al., 2010, 2022). The
eastern part of the GC is more symmetrical (e.g. Sobornov, 2021).

The deep structure of the GC is inadequately known. Relatively
rare sub-crustal (<150 km deep) earthquakes have been inter-
preted as the result of the occurrence of an oceanic slab of limited
extent beneath the eastern GC (Mumladze et al., 2015). Such con-
clusion conflicts with seismic tomographic data pointing to exten-
sive lithospheric delamination (Koulakov et al., 2012; Zabelina
et al., 2016). Widespread Late Pliocene-to-Quaternary volcanism
occurred in the GC western-central part at Mt. Elbrus, the highest
peak in Europe at 5,642 m, and at Mt. Kazbek in our study area
(Fig. 2). Such volcanism is part of scattered magmatic displays
across a vast area of the Arabia-Eurasia collision zone and, based
on a combination of geochemical, seismic and geodynamic con-
straints, has been interpreted as the result of small-scale convec-
tion associated with mantle upwelling (Bewick et al., 2022).

Progressive growth of the GC orogenic wedge has induced sub-
stantial lithospheric flexure on both sides of the orogen, with sub-
sidence and tectonic progradation both southward (Rioni-Kartli-
Kura basin) and northward (Kuban-Terek basin) (Fig. 1). The
Rioni-Kartli-Kura composite basin (Fig. 1) has experienced pulses
of flexural subsidence from opposing directions: Oligocene
depocenters are aligned along its southern margin close to the Les-
ser Caucasus orogen while Neogene depocenters are located along
its northern margin adjacent to the GC (Nemčok et al., 2013). Fault-
plane solution data from the Rioni-Kartli-Kura basin indicate ongo-
ing north–south-oriented compression and convergence rates pro-
gressively increasing eastward up to 12 mm/yr (Reilinger et al.,
2006; Forte et al., 2013, 2014). The Kuban-Terek basin to the north
of the GC shows marked along-strike variations: its eastern part
was affected by significant subsidence from the Oligocene and is
bounded to the south by a well-developed north-verging frontal
wedge whereas the western part underwent much less subsidence
and shows a poorly developed frontal wedge (Ershov et al., 2003;
Sobornov, 2021).

Located between the Greater Caucasus to the north and the Les-
ser Caucasus to the south, the Adjara-Trialeti fold-and-thrust belt
(ATFTB) of western Georgia (Fig. 1) is the result of the structural
inversion of a former back-arc basin which experienced most sub-
sidence and extension in the middle Eocene, when a > 5,000 m
thick volcano-sedimentary succession was deposited coevally with
rifting in the eastern Black Sea (Robinson et al., 1996; Banks et al.,
1997; Adamia et al., 2011; Tari and Simmons, 2018). Striking west-
east, the ATFTB spans > 300 km (Fig. 1) from the Black Sea coast,
where it continues offshore in the so-called Gurian fold-belt (e.g.
Tari and Simmons, 2018), to Tbilisi, where it plunges eastward
underneath the highly deformed Oligocene-to-Miocene sedimen-
tary rocks of the Kura basin fill. The width of the orogen increases
progressively westward. Likewise, the Middle Eocene syn-rift sec-
tion thickens toward the Black Sea coast, where volcanic/ hypabys-
sal rocks are most abundant (Okrostsvaridze et al., 2018), thus
pointing to the Adjara-Trialeti basin as an offshoot of the eastern
Black Sea.

The age of the pre-rift succession of the ATFTB ranges from the
late Early Cretaceous to the Early Eocene. Aptian-Cenomanian vol-
canics/volcaniclastics have been interpreted as connected to the
Eastern Pontides-Lesser Caucasus subduction-related magmatic
arc (Adamia et al., 1992, 1981; Yılmaz et al., 2014). During the
Paleocene-early Eocene, the Adjara-Trialeti basin experienced
3

flexural subsidence in the foreland of the Erzinçan-Sevan-Akera
orogen and the deposition of a thick succession of terrigenous tur-
bidites (Adamia et al., 2011; Banks et al., 1997; Yılmaz et al., 2014,
2000; Gusmeo et al., 2021). Back-arc rifting occurred in the Middle
Eocene, as shown by a thick succession of volcaniclastic turbidites
interbedded with submarine volcanic rocks (Adamia et al., 1977,
1981, 2011; Okrostsvaridze et al., 2018). From the Late Eocene
until the Sarmatian, epiclastic sedimentation was largely predom-
inant, with an overall shallowing upward trend (Adamia et al.,
2011, 2017; Gamkrelidze et al., 2019).

The Adjara-Trialeti basin, after a post-rift stage of about 20 Ma,
was structurally inverted starting at ca. 14 Ma (Middle Miocene)
(Gusmeo et al., 2021, 2022; this paper). The ATFTB was then pro-
gressively incorporated in the advancing retro-wedge of the Lesser
Caucasus during Neogene shortening of the area (Alania et al.,
2021). In the early Late Miocene the marine connection between
the Caspian and Black seas closed as a result of the continued con-
vergence of the facing structural fronts of the south-verging GC and
north-verging retro-wedge of the Lesser Caucasus orogenic prism
(Banks et al., 1997; Nemčok et al., 2013; Alania et al., 2021;
Gusmeo et al., 2021; Tari et al., 2021).

At the surface, Adjara-Trialeti inversion structures include
broad anticlines and synclines bounded by high-angle reverse
faults whereas low-angle thrust faults are common along the
northern boundary of the ATFTB at the contact with the Kartli-
Kura foreland basin. As to the subsurface, seismic data are charac-
terized by mostly north-verging and subordinately south-verging
duplex systems made of Cretaceous-Paleogene rocks, which
accommodate variable amount of shortening (cf. Alania et al.,
2021; Tari et al., 2021). Based on geodetic measurements, the
ATFTB currently absorbs 3–6 mm/yr of the convergence rate
between the eastern Anatolian Plateau and Eurasia (Reilinger
et al., 2006; Sokhadze et al., 2018). Total shortening along the
northern frontal structures was estimated at � 15 km (Bazhenov
and Burtman, 2002); northward advancement of these frontal
structures has progressively deformed the southern margins of
the Rioni-Kartli foreland basin (Alania et al., 2017; Banks et al.,
1997; Nemčok et al., 2013).

The southern Caucasian region (i.e. the Greater and Lesser Cau-
casus and the intervening Rioni-Kura foreland basin) absorbs a sig-
nificant amount (�15 %–20 %) of the strain associated with the
Arabia-Eurasia collision (Reilinger et al., 2006). The GPS velocity
field indicates an anticlockwise motion relative to stable Eurasia,
with northward motion increasing from � 2 mm/yr in the Rioni
Basin close to the Black Sea coast to 12 mm/yr in the Kura Basin
close to the Caspian Sea coast (Forte et al., 2013; Reilinger et al.,
2006). Most deformation in the Caucasian region is accommodated
in the domain comprised between the Greater and the Lesser Cau-
casus (named Transcaucasus; Karakhanyan et al., 2013; Sokhadze
et al., 2018).
3. Previous thermochronologic work on the Greater Caucasus

Low-temperature thermochronologic data currently available
for the GC are summarized in Table 1 and Figs. 3 and 4. Published
data are mostly from the western sector of the orogen, with little
information from the central and eastern sectors. We define as
western, central and eastern GC the portions of the orogen west
of 44�E longitude, between 44� and 46�E, and east of 46�E, respec-
tively. Following is a concise description of the existing ther-
mochronologic datasets; their implications -including those
derived from the new data presented in this paper- will be pre-
sented in the Discussion section.

Over the years Stephen J. Vincent and co-workers have applied
fission-track analysis on apatite (AFT) and zircon (ZFT), as well as
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Table 1
Published thermochronologic datasets.

Domain System Age range (Ma) N� samples Reference

Western Greater Caucasus AHe 25.4 1 Vincent et al., 2007
25.4–49.5 3 Vincent et al., 2011
1.7–19.0 10 Avdeev and Niemi, 2011
5.6–24.5 5 Vincent et al., 2020
3.3–6.2 3 Vasey et al., 2020
1.9–4.2 3 Trexler et al., 2022

AFT 1–68 44 Kral and Gurbanov, 1996
57–176.4 9 Vincent et al., 2007
2.5–264.2 27 Vincent et al., 2011
3.6–21.8 6 Avdeev and Niemi, 2011
1.4–48.2 19 Vincent et al., 2020
4.6 1 Vasey et al., 2020
4.2–136.6 4 Trexler et al., 2022

ZHe 20.4–188.5 5 Avdeev and Niemi, 2011
19.1–115.0 4 Vasey et al., 2020

ZFT 139.6––271.5 4 Vincent et al., 2011
230.4–433.0 3 Avdeev and Niemi, 2011
1.7–231.6 4 Vincent et al., 2020

Central Greater Caucasus AHe 5.1–7-0 2 Trexler et al., 2022
2.2–3.2 3 Vasey et al., 2020

AFT 2.7 1 Vasey et al., 2020
ZHe 7.1–8.2 3 Vasey et al., 2020

Eastern Greater Caucasus AHe 1.7–92.7 8 Avdeev, 2011
3.1–4.9 6 Tye et al., 2022

AFT 12.5–89.8 10 Bochud, 2018
14–88.4 3 Avdeev, 2011
6.1–15.5 5 Tye et al., 2022

ZHe 10.8–91.8 2 Tye et al., 2022
ZFT 102.8 1 Avdeev, 2011

Fig. 3. Low-temperature thermochronologic data available for the Greater Caucasus distinguished by analytical method. See Table 1 for sources of data. Samples with ZHe/
AHe single-grain age dispersion > 25 % or ZFT/AFT P(v2) < 5 have been omitted. Likewise, analyses not providing all the analytical details necessary for an independent
assessment of the robustness of the data are not included.
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(U-Th)/He analysis on apatite (AHe) on both rock and detrital
(stream) samples from a wide area in the western GC. Earlier work
(Vincent at al., 2007), integrated with stratigraphic evidence and
heavy-mineral analyses from the foreland basins, suggested an
earliest Oligocene minimum age for the subaerial uplift of the
range, with initial uplift starting as early as the Late Eocene. Later
work (Vincent et al., 2011, 2020), based on a larger dataset mainly
focused on the crystalline core of the western GC, indicated no
more than � 5–7 km of Cenozoic exhumation, with low rates dur-
ing Oligo-Miocene times followed by acceleration during Late
Miocene-Pliocene times. A marked along-strike change in Cenozoic
cooling rates, with average AFT central ages of 32.5 Ma to the west
of Mt. Elbrus and 6.3 Ma to the east of it, fundamentally agrees
with earlier AFT data by Kral and Gurbanov (1996). Vincent et al.
(2020), noting that the GPS velocity field along the southern slope
5

of the western GC does not show a variation of shortening rates on
either side of Mt. Elbrus, concluded that tectonic shortening, uplift,
and exhumation can be excluded as drivers of the observed lateral
variations in cooling rates and proposed thermally induced,
mantle-driven dynamic uplift as the cause for differential exhuma-
tion. The region of rapid young cooling in the GC (Fig. 4) coincides
with the area of recent magmatism and thermochronologic modes
are consistent with buoyancy effects associated with mantle
upwelling (Vincent et al., 2020; Bewick et al., 2022).

Avdeev and Niemi (2011) published fission-track and (U-Th)/He
data on apatites and zircons from basement samples collected
between Mt. Elbrus and Mt. Kazbek (42�500 to 43�500 longitude
E). AFT central ages typically range between 8 and 5 Ma, in agree-
ment with previous data on the same area (Kral and Gurbanov,
1996). ZHe and ZFT ages are mostly unreset, implying that the



Fig. 4. Low-temperature thermochronologic data available for the Greater Caucasus distinguished by age. See Table 1 for sources of data. Samples with ZHe/AHe single-grain
age dispersion > 25 % or ZFT/AFT P(v2) < 5 have been omitted. Likewise, analyses not providing all the analytical details necessary for an independent assessment of the
robustness of the data are not included.
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overall amount of Cenozoic exhumation in this region is less than
5–7 km. AHe results are rather dispersed, with single grain ages
ranging between 22.9 and 0.7 Ma and a majority being younger
than 5 Ma. Statistical modeling of integrated thermochronologic
data show a marked increase of cooling rates at about 5 Ma (ca.
Miocene-Pliocene boundary). Combining their data with those of
6

Vincent et al. (2011), Avdeev and Niemi (2011) concluded that
both the western and western-central portions of the GC experi-
enced a Paleogene phase of slow exhumation whereas increased
Plio-Pleistocene exhumation focused on the western-central por-
tion. Such last period of exhumation is interpreted to represent
the final closure of the GC basin and the collision between the
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Lesser and Greater Caucasus, linked to the coeval reorganization of
the Arabia-Eurasia collision zone (Allen et al., 2004). Such interpre-
tation was shared by Cowgill et al. (2016), who envisioned a large
GC basin which remained open until about 5 Ma, an interpretation
which was the matter of some debate (see discussion and reply:
Vincent et al., 2018; Cowgill et al., 2018).

Vasey et al. (2020) provide low-temperature thermochronologic
data along two broadly N-S-oriented traverses in the western and
central GC between about 42�200 and 44�400 longitude east. Two
samples from the Dariali Massif, the easternmost outcrop of the
Greater Caucasus basement, yielded ZHe mean ages between 7.9
and 7.1, and AHe mean ages comprised between 2.9 and 2.2 Ma
(Table 1). These figures agree with unpublished data from another
basement sample further to the north along the same transect
(Avdeev, 2011). The authors use their thermochronologic dataset,
together with other geochronologic and microstructural data, to
conclude that the basement of the GC in the study area experi-
enced at least � 5–8 km of rapid exhumation since about 10 Ma.
The results from the Dariali Massif are relevant for this study and
are discussed in more detail below.

More recently, Trexler et al. (2022) provided four AFT and three
AHe ages from the western GC at a longitude of � 42�200E, and two
AHe results along a traverse in the central GC at � 44�400E. Wes-
tern samples yielded AFT central ages of 5.5 and 4.2 Ma to the
north, and 136.6 and 104 Ma to the south. AHe mean ages are com-
prised between about 4.2 and 1.9 Ma. The central GC samples
yielded AHe mean ages of 7.0 and 5.1 Ma.

Low-temperature thermochronologic data are unavailable over
a long stretch of the GC between 45� and 47� longitude east
(Fig. 3), an area of difficult access. More to the east, Avdeev
(2011) reports one ZHemean age (102.8Ma), three AFT central ages
ranging between 88.4 and 14.0 Ma, and eight AHe mean ages rang-
ing between 4.0 and 1.7 Ma, with one outlier at 92.7 Ma. The author
does not report the P(v2) for their AFT results nor the analytical
details of (U-Th)/H analyses. Bochud (2011) provides ten AFT ages
from Middle Jurassic and Neogene siliciclastic samples taken from
47�200 to 48�100 of longitude east. Central ages range between
89.8 and 12.5 Ma. The interpretation of this dataset is difficult as
nine samples have a P(v2) < 5 % thus pointing to the existence of
multiple apatite grain populations. The only sample with P
(v2) > 5 % yielded a central age of 12.5 ± 2.4 Ma. Tye et al. (2022)
have studied in detail the structural and thermochronologic evolu-
tion of distinct sedimentary rock packages within the eastern GC.
They concluded that eastern GC exhumation started during Middle
to Late Miocene time in the core of the orogen, where shale is abun-
dant and distributed shortening was accommodated by pervasive
folding. Accretion of a rheologically more competent rock package,
the Vandam Zone, occurred between ca. 13 and 3 Ma and was fol-
lowed by rapid exhumation (�0.3–1 mm/yr) starting between ca.
6 and 3 Ma.

4. Analytical methods and sampling

Standard rock crushing, density, and magnetic separation tech-
niques were used to separate apatite and zircon grains from rock
samples (Kohn et al., 2019). Mineral separations were performed
at the Sedimentary Petrography Laboratory of the Department of
Biological, Geological and Environmental Sciences, University of
Bologna (Italy). We refer to Gusmeo et al. (2021) for a concise
description of the fission-track and (U-Th)/He analytical methods
and to Malusà and Fitzgerald (2019) for a thorough account.
Descriptions of organic petrography (vitrinite reflectance), Raman
spectroscopy on dispersed organic matter, Rock-Eval pyrolysis,
and XRD clay mineralogy analyses can be found in Corrado et al.
(2021) and Gusmeo et al. (2022). Details on sample preparation
for all analytical methods can be found in Supplementary data.
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As mentioned earlier, the published thermochronologic dataset
for the central GC is fragmentary: just nine samples are available
along an E-W stretch > 150 km long (Table 1). A single time–tem-
perature inverse model is available for an area in excess of
15,000 km3 (Vasey et al., 2020). Rather than adding other widely
dispersed data points, we decided to focus our effort on what is
arguably the better-known geological cross-section of the entire
GC, the Georgian Military Road. The portion of this section in Geor-
gian territory has been described in great detail in recent structural
work (Mosar et al., 2022; Trexler et al., 2022), thus representing
the best opportunity to tie thermochronologic data to a well-
defined structural framework.

The studied samples were taken along a transect which cuts
across the Jurassic-Oligocene sedimentary fill of the GC back-arc
basin, now deformed into a stack of south-verging thrust sheets
(Mosar et al., 2022; Trexler, 2022) (Figs. 1, 2). It then continues
southward across the Kartli foreland basin and the eastern ATFTB.
The samples analyzed are Variscan metamorphic rocks from the
easternmost outcrop of the GC basement, the Dariali Massif, and
Jurassic-to-Eocene detrital rocks representing the sedimentary fill
of the GC basin (Fig. 2), which experienced considerable heating
during burial (up to about 380 �C, under anchizone-epizone condi-
tions; Corrado et al., 2021). In addition to the new results from the
southern central GC, new low-temperature thermochronological
results obtained from the eastern Adjara-Trialeti FTB and the
Khrami Massif will be presented, providing further constraints on
their tectonic evolution.

The apatite (U-Th)/He (AHe) dataset is composed of 59 single
apatite grain aliquots (Fig. 2; Table 3) including 43 new analyses.
The zircon (U-Th)/He (ZHe) dataset is composed of 27 single zircon
grain aliquots (Fig. 2; Table 4) including 18 new analyses. The apa-
tite fission-track (AFT) dataset comprises 24 samples (Fig. 2;
Table 2) including 8 new samples.

Quantitative evaluation of the thermal histories of samples was
carried out through inverse statistical modeling, which finds a
range of cooling paths compatible with the available data (Ketc-
ham 2005). In this work, inverse modeling of thermochronologic
data was performed using the HeFTy program (Ehlers et al.,
2005), which generates the possible T–t paths by means of a Monte
Carlo algorithm. Predicted AFT data were calculated according to
the Ketcham et al. (2007) annealing model for fission tracks
revealed by etching. Dpar values (i.e. the etch pit length) were used
to define the annealing kinetic parameters of the grains and the
original track length. Inverse modeling was based on the applica-
tion of multiple thermochronometric techniques (AFT, AHe, ZHe)
on the same samples and included also maximum burial tempera-
tures obtained from vitrinite reflectance, clay mineralogy, and
Raman spectroscopy (Corrado et al., 2021; Gusmeo et al., 2022),
together with all other published geological constraints (intrusion
ages, depositional ages, and stratigraphic relationships), to produce
robust time–temperature evolutionary paths (Fig. 6). All con-
straints and parameters employed for the statistical modeling of
each sample are listed in Supplementary data.
5. Analytical results

All thermochronometric data available for the study area are
shown in Fig. 2 and listed in Tables 2-4. Analytical results are pre-
sented and discussed here from north to south. In the northern-
most sector of the analyzed transect, the Dariali Massif is made
of gneissic rocks metamorphosed at 330–310 Ma during the Varis-
can orogeny (Vasey et al., 2020). Samples from the Dariali Massif
yielded ZHe mean ages of � 8–7 Ma (Fig. 2), with single-grain ages
comprised between about 10 and 6 Ma (Table 4). The same sam-
ples yielded AHe mean ages around 3–2 Ma, with single-grain ages



Table 2
Results of apatite fission-track analyses.

Sample Rock type Age Location Elevation (m) UTM
coordinates (38 T)

No.
crystals

Spontaneous Induced P(v2) Dosimeter Age (Ma) ± 1sd MCTL (lm) ±
standard error

Standard
deviation

No. tracks
measured

D-par

qs Ns qi Ni qd Nd

AB0938a Orthogneiss Late Paleozoic Greater Caucasus 1300 0469790 4731455 – – – – – – – – 2.7 ± 0.4 – – – –
TU483 Sandstone Late Oligocene Eastern ATFTB 684 0473006 4604652 42 0.18 222 0.71 871 94.18 14.50 7498 63.4 ± 5.8 14.10 ± 0.22 1.59 50 2.91
TU484 Granitoid

clasts
Middle Jurassic Eastern ATFTB 754 0472044 4605562 20 0.25 90 1.21 426 2.89 12.29 7683 62.6 ± 6.3 – – – –

TU486b Sandstone Late Paleocene-Early
Eocene

Eastern ATFTB 883 0456357 4599540 49 0.14 290 0.81 1691 99.68 12.22 7638 34.7 ± 2.8 12.05 ± 0.22 1.66 53 2.38

TU487b Sandstone Late Eocene Eastern ATFTB 932 0452684 4611098 38 0.10 107 0.69 725 99.56 12.15 7593 29.3 ± 3.4 – – – 2.51
TU488b Sandstone Late Oligocene Eastern ATFTB 1391 0452009 4616299 41 0.14 192 1.05 1393 99.44 12.07 7547 27.3 ± 2.5 12.48 ± 0.31 2.26 53 2.36
TU489b Sandstone Late Eocene Eastern ATFTB 1291 0461429 4612640 13 0.09 36 0.53 224 97.20 12.00 7502 31.9 ± 5.9 – – – 2.35
TU490b Sandstone Late Eocene Eastern ATFTB 1322 0472584 4613551 18 0.14 55 0.58 231 99.97 9.73 5046 35.5 ± 5.6 – – – 2.46
TU492 Sandstone Cenomanian Greater Caucasus 922 0473963 4680238 29 0.12 75 0.61 371 86.52 11.93 7457 38.3 ± 5.0 13.45 ± 0.20 1.54 62 2.86
TU495 Sandstone Toarcian-Aalenian Greater Caucasus 1754 0469216 4720975 24 0.67 41 27.97 1696 100.00 11.86 7411 4.8 ± 0.8 15.04 ± 0.13 1.20 85 2.61
TU496 Gneiss Late Paleozoic Greater Caucasus 1320 0469676 4730334 20 0.61 39 24.26 1563 100.00 9.65 5010 4.2 ± 0.7 15.19 ± 0.10 0.92 97 2.13
TU501b Sandstone Middle Eocene Eastern ATFTB 561 0476497 4631400 88 0.16 574 0.64 2320 99.35 11.78 7366 45.3 ± 3.1 – – – 2.68
TU504c Sandstone Early Miocene Eastern ATFTB 396 0500933 4602375 61 0.15 333 0.81 1770 99.98 11.64 7276 36.3 ± 2.8 13.34 ± 0.17 1.57 83 2.75
TU505c Sandstone Middle-Late Oligocene Eastern ATFTB 512 0500906 4615010 48 0.24 270 1.17 1307 97.99 11.57 7230 39.63 ± 3.3 13.41 ± 0.18 1.47 67 2.31

qs—spontaneous track densities (�105 cm�2) measured in internal mineral surfaces; Ns—total number of spontaneous tracks; qi and qd—induced and dosimeter track densities (�106 cm�2) on external mica detectors (g = 0.5); Ni

and Nd—total numbers of tracks; P(v2)—probability of obtaining v2 value for n degrees of freedom (where n = number of crystals �1); a probability > 5 % is indicative of a homogeneous population. Samples with a probability < 5 %
were analyzed with the binomial peak-fitting method; MCTL—mean confined track length; a—Vasey et al. (2020); b—Gusmeo et al. (2021); c—Gusmeo et al. (2022).

W
.Cavazza,T.G

usm
eo,M

.Zattin
et

al.
G
eoscience

Frontiers
15

(2024)
101737

8



Table 3
Results of (U-Th)/He analyses on apatites.

Sample Rock type Age Location Elevation
(m)

UTM
coordinates
(38 T)

Replicate Ft Corrected
age (Ma)

Error
(Ma)

Mean age
(Ma)

1sd error
(Ma)

4He (mol) 238U
(ppm)

235U
(ppm)

232Th
(ppm)

147Sm
(ppm)

eU Rs
(lm)

AB0938a Orthogneiss Late Paleozoic Greater
Caucasus

1300 0469790
4731455

AB0938b – 3.50 0.04 3.2 0.5 – 41.0 46.9 296.7 – 56.1
AB0938c – 2.01 0.02 – 36.6 30.2 271.3 – 66.3
AB0938d – 3.42 0.03 – 23.8 43.1 361.0 – 42.9
AB0938e – 2.73 0.03 – 49.6 56.0 321.7 – 80.7
AB0938f – 2.27 0.03 – 32.2 31.5 230.7 – 52.0
AB0938g – 5.09 0.05 – 32.7 24.5 217.1 – 62.2

CT15092b Sandstone Early Cretaceous Greater
Caucasus

1130 0475989
4689034

– – – – 7.0 0.1 – – – – – – –

CT15113b Conglomerate Early Cretaceous Greater
Caucasus

850 0475379
4667692

– – – – 5.1 0.8 – – – – – – –

K1a Granodiorite Late Paleozoic Greater
Caucasus

1434 0469520
4728642

V16046Db – 1.96 0.03 2.2 0.1 – 33.4 50.0 350.1 – 40.4
V16046Dc – 1.98 0.03 – 21.7 23.5 198.0 – 47.9
V16046Dd – 2.51 0.04 – 15.7 22.3 175.8 – 55.4
V16046De – 2.18 0.02 – 64.4 94.0 578.3 – 48.6

K2a Mylonitic gneiss Late Paleozoic Greater
Caucasus

1522 0469793
4728308

V16052Bc – 3.35 0.05 2.9 0.3 – 10.8 20.6 141.9 – 56.3
V16052Be – 3.53 0.05 – 14.3 28.2 212.9 – 44.0
V16052Bg – 2.38 0.03 – 17.9 39.4 250.9 – 45.7
V16052Bh – 2.20 0.03 – 24.5 54.1 309.9 – 46.4

TU485c Sandstone Early Eocene Eastern
ATFTB

889 0472357
4609370

TU485-1 0.66 5.37 0.05 3.7 0.02 8.47*10�15 8.68 0.07 69.94 39.25 25.12 44.75
TU485-2 0.64 3.58 0.04 6.59*10�15 19.87 0.16 81.87 35.89 39.11 42.75
TU485-3 0.62 2.58 0.03 7.95*10�15 33.50 0.27 288.22 81.36 101.24 38.51
TU485-4 0.65 8.24 0.09 1.05*10�14 14.72 0.12 50.43 15.33 26.58 42.55
TU485-5 0.65 7.26 0.08 7.21*10�15 9.38 0.09 61.75 43.71 23.90 46.95

TU486c Sandstone latest Paleocene-
Early Eocene

Eastern
ATFTB

883 0456357
4599540

TU486-1 0.66 5.93 0.18 6.1 0.1 4.96*10�15 10.16 0.09 23.87 24.08 15.77 46.88
TU486-3 0.73 17.32 0.16 4.69*10�14 10.10 0.08 24.19 10.84 15.78 55.53
TU486-4 0.68 13.62 0.20 1.58*10�14 10.16 0.09 40.19 19.82 19.60 47.58
TU486-5 0.66 4.08 0.06 4.55*10�15 10.62 0.09 65.57 43.20 26.03 41.83

TU487c Sandstone Late Eocene Eastern
ATFTB

932 0452684
4611098

TU487-1 0.62 10.81 0.63 6.4 0.1 4.53*10�15 6.91 0.08 39.88 29.50 16.28 38.85
TU487-2 0.66 5.80 0.06 1.05*10�14 17.46 0.14 79.57 75.61 36.16 45.53
TU487-3 0.59 7.31 0.18 2.67*10�15 9.20 0.10 37.49 16.87 18.01 36.91
TU487-4 0.59 5.10 0.13 3.13*10�15 16.15 0.15 64.32 54.55 31.27 35.21
TU487-5 0.68 8.41 0.10 1.33*10�14 16.19 0.13 54.02 42.30 28.88 96.94

TU491 Granitoid clasts in
conglomerate

Late Eocene
(conglomerate)

Greater
Caucasus

772 0479248
4666600

TU491-1 0.69 13.66 0.23 10.1 3.4 5.50*10�15 37.08 140.68 718.09 73.38 39.87
TU491-2 0.73 9.72 0.17 8.94*10�15 85.54 133.10 673.11 119.85 46.19
TU491-3 0.65 6.97 0.31 9.96*10�16 21.99 62.51 449.09 38.73 35.24

TU492 Sandstone Cenomanian Greater
Caucasus

922 0473963
4680238

TU492_1 0.68 7.58 0.78 8.0 1.1 3.44*10�16 5.23 25.13 198.65 12.04 38.96
TU492_2 0.75 7.23 0.36 9.98*10�16 6.16 35.42 189.89 15.34 51.52
TU492_3 0.61 9.22 0.53 4.75*10�16 13.19 86.17 353.23 35.02 30.83

TU493 Sandstone Aptian-Albian Greater
Caucasus

1057 0474870
4688016

TU493-2 0.70 6.47 0.17 6.6 1.8 0.55*10�15 18.71 17.75 123.09 22.88 42.18
TU493-3 0.71 9.02 0.18 0.72*10�15 13.90 33.53 101.85 21.78 42.63
TU493-4 0.71 6.38 0.18 0.44*10�15 28.46 6.66 116.43 30.02 43.34
TU493-5 0.70 4.66 0.10 0.59*10�15 33.75 66.92 401.64 49.47 42.05

TU496 Gneiss Late Paleozoic Greater
Caucasus

1320 0469676
4730334

TU496-2 0.71 3.19 0.06 3.0 0.9 1.16*10�15 44.30 53.39 295.89 56.85 42.93
TU496-3 0.75 4.05 0.07 0.74*10�15 20.51 27.70 201.34 27.02 50.20
TU496-4 0.76 2.87 0.05 0.56*10�15 23.20 24.83 198.45 29.04 53.60
TU496-5 0.78 1.82 0.02 1.40*10�15 67.49 134.62 442.35 99.12 58.43

TU499c Sandstone Early Eocene Eastern
ATFTB

1338 0445544
4631754

TU499-2 0.62 8.85 0.24 9.5 0.9 1.02*10�15 3.46 0.10 20.17 1.87 8.20 37.87
TU499-3 0.55 10.18 0.24 1.34*10�15 6.77 0.15 40.35 11.07 16.25 32.19

TU501c Sandstone Middle Eocene Eastern
ATFTB

561 0476497
4631400

TU501-1 0.71 5.89 0.06 6.5 0.04 1.13*10�14 11.67 0.09 44.51 44.45 22.13 53.27
TU501-2 0.62 9.95 0.16 5.81*10�15 8.63 0.08 40.63 29.07 18.17 39.50
TU501-3 0.67 8.74 0.10 1.24*10�14 12.88 0.11 68.94 27.90 29.08 44.97
TU501-4 0.60 6.86 0.20 2.08*10�15 7.30 0.09 34.11 26.01 15.32 37.75
TU501-5 0.61 5.46 0.07 3.26*10�15 11.41 0.11 58.72 32.88 25.21 38.48

The effective uranium value (eU = [U] + 0.235*[Th]) gives an indication of the goodness of the data: if < 5 the uranium content of the apatite crystal is too low to provide a meaningful result. All replicates considered in the
discussion have eU > 5; Rs—equivalent radius; a—Vasey et al. (2020); b—Trexler et al. (2022); c—Gusmeo et al. (2021).
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Table 4
Results of (U-Th)/He analyses on zircons.

Sample Rock type Age Location Elevation
(m)

UTM
coordinates
(38 T)

Replicates Ft Corrected
age (Ma)

Error
(Ma)

Mean
age
(Ma)

1sd
error
(Ma)

4He (mol) 238U
(ppm)

232Th
(ppm)

eU Rs
(lm)

AB0938a Orthogneiss Late Paleozoic Greater
Caucasus

1300 0469790
4731455

AB0938Zra 0.77 7.43 0.08 8.2 1.0 – 2746.5 659.6 2901.5 48.8
AB0938Zrb 0.76 6.88 0.07 – 1701.3 748.2 1877.1 46.6
AB0938Zrc 0.75 10.24 0.10 – 1912.6 591.8 2051.7 44.2

K1a Granodiorite Late Paleozoic Greater
Caucasus

1434 0469520
4728642

V16046DZra 0.74 7.44 0.08 7.9 0.3 – 1048.1 334.1 1126.6 45.3
V16046DZrb 0.73 8.30 0.09 – 479.4 163.5 517.8 42.0
V16046DZrc 0.77 8.00 0.08 – 1135.7 362.1 1220.8 49.5

K2a Mylonitic
gneiss

Late Paleozoic Greater
Caucasus

1522 0469793
4728308

V16052BZra 0.75 5.86 0.06 7.1 0.7 – 1087.4 355.4 1170.9 44.8
V16052BZrb 0.71 8.10 0.08 – 1159.7 503.8 1278.1 41.1
V16052BZrc 0.73 7.28 0.08 – 1143.1 409.3 1239.3 42.0

TU491 Granitoid
clasts

Late Eocene
(conglomerate)

Greater
Caucasus

772 0479248
4666600

TU491-1 0.84 135.71 1.82 136.8 1.1 1.44*10�12 297.2 231.0 351.5 68.0
TU491-2 0.84 136.73 1.93 1.25*10�12 264.6 142.0 298.0 71.6
TU491-3 0.86 137.99 1.97 1.70*10�12 252.9 115.9 280.1 78.2

TU492 Sandstone Cenomanian Greater
Caucasus

922 0473963
4680238

TU492_2 0.75 57.21 0.76 57.2 0.8 2.22*10�13 407.8 303.9 479.3 43.1

TU493 Sandstone Aptian-Albian Greater
Caucasus

1057 0474870
4688016

TU493-3 0.72 57.42 0.79 57.4 0.8 4.88*10�14 217.7 190.2 262.4 37.7

TU494 Sandstone Oxfordian-
Tithonian

Greater
Caucasus

2021 0458552
4711144

TU494-1 0.70 5.31 0.08 4.5 0.7 8.00*10�15 517.0 83.4 536.6 34.9
TU494-2 0.69 3.95 0.06 7.13*10�15 752.1 132.1 783.1 33.3
TU494-3 0.66 4.32 0.06 2.64*10�15 433.7 287.0 501.1 29.9

TU495 Sandstone Toarcian-
Aalenian

Greater
Caucasus

1754 0469216
4720975

TU495-1 0.78 5.05 0.07 5.3 0.5 4.70*10�14 675.4 226.9 728.8 49.6
TU495-2 0.76 5.86 0.08 2.08*10�14 397.7 254.3 457.5 44.6
TU495-3 0.74 4.99 0.07 1.59*10�14 491.6 296.8 561.3 41.1

TU496 Gneiss Late Paleozoic Greater
Caucasus

1320 0469676
4730334

TU496-1 0.84 9.34 0.12 8.2 1.2 5.82*10�13 1834.8 840.1 2032.2 70.3
TU496-2 0.87 7.03 0.09 6.88*10�13 1533.1 653.9 1686.7 83.2
TU496-3 0.80 8.23 0.12 1.18*10�13 926.7 152.6 962.6 53.7

eU—effective uranium value (eU = [U] + 0.235*[Th]); Rs—equivalent radius; a—Vasey et al. (2020).
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comprised between about 5 and 2 Ma (Table 3), and two of them
yielded AFT central ages around 4–3 Ma (Fig. 2; Table 2). The
low dispersion of He ages and the very high P(v2) value of the
AFT results indicate that the samples experienced rapid cooling
across the closure temperature of the respective thermochrono-
metric systems, thus pointing to very fast cooling from > 180 �C
to < 40 �C during Late Miocene-Pliocene times (10–2 Ma).

South of the Dariali Massif, two Jurassic sandstone samples
from the inverted GC basin-fill yielded ZHe single-grain ages com-
prised between about 6 and 4 Ma (Table 4), and one of them
yielded an AFT central age of 4.8 ± 0.8 Ma (Fig. 2; Table 2). Thermal
maturity analyses (Corrado et al., 2021) on the same samples
(Raman spectroscopy, I% in I-S mixed layers and Kübler Index)
indicate that they have experienced maximum
temperatures > 300 �C (anchizone-epizone conditions). The results
show that also this sector was exhumed quickly, coevally with the
Dariali Massif.

Moving further south, three sandstone samples from the Early
to early Late Cretaceous succession of the GC basin-fill yielded
AHe single-grain ages comprised between about 9 and 5 Ma. Two
of these samples yielded ZHe ages around 57 Ma and one of them
yielded an AFT central age of 38.3 ± 5.0 Ma (Fig. 2; Tables 2-4).
Thermal maturity analyses indicate that these samples experi-
enced maximum burial temperatures > 200 �C (Corrado et al.,
2021). The young AHe ages are coeval with those found more to
the north along the transect. AFT and ZHe ages indicate that these
samples cooled frommore than � 180 �C to less than � 110 �C dur-
ing Paleocene-Eocene times.

Two coarse grained sedimentary units were sampled in the GC
foothills and analyzed. One of them (CT15113; Trexler et al., 2022)
is a Lower Cretaceous conglomerate, and the other one (TU491;
this study) is an Upper Eocene conglomerate. The Early Cretaceous
conglomerate yielded an AHe age of ca. 5 Ma, whereas the Late
Eocene conglomerate yielded a ZHe age of about 137 Ma and
AHe single-grain ages between about 14 and 7 Ma (Fig. 2; Tables
3 and 4). Thermal maturity analyses on the sedimentary rocks in
this sector indicate that they experienced maximum burial tem-
10
peratures of 100–150 �C (Corrado et al., 2021), thus confirming that
the AHe system is fully reset, as opposed to the ZHe system.

In the eastern ATFTB, new apatite fission-track results have
been obtained from three Oligocene-Miocene sandstones (TU483,
TU504, and TU505; Fig. 2; Table 2). All three samples have high P
(v2) values, indicating a single population of grains, and yielded
AFT central ages of 63.4, 36.3, and 39.6, respectively. Thermal
maturity analyses on the same samples, or in nearby sedimentary
rocks, show that these samples are partially or non-reset (Corrado
et al., 2021).

In the following we focus on the results of statistical inverse
models integrating all available data, thus avoiding the potential
pitfalls of using only fission-track central ages (Jess et al., 2020)
or (U-Th)/He mean ages which can be confounding ‘‘averages” of
complex thermal histories (Malusà and Fitzgerald, 2019). Radial
plots of single-grain apatite fission-track (AFT) ages and his-
tograms showing the confined-track length distributions of apatite
grains for the samples used for statistical inverse modeling are
shown in Fig. 5. The eight models shown in Fig. 6 are robust as they
integrate (i) multiple low-temperature thermochronometers as
well as, where available, (ii) maximum burial temperatures
obtained from organic matter and clay mineralogy thermal indica-
tors (Corrado et al., 2021; Gusmeo et al., 2022) and (iii) all other
published geological constraints (intrusion ages, depositional ages,
and stratigraphic relationships).

Inverse models are remarkably coherent. Time-temperature
paths derived from samples taken across the central GC
(TU496, TU495, TU493, TU492) show a first phase of rapid
cooling during the Late Cretaceous - Paleocene (green bars,
Fig. 6). Cooling is slightly older in the core of the orogen and
becomes younger towards its frontal part to the south, thus
pointing to an overall southward progression of exhumation.
A long interval of slow or no cooling occurred from the Eocene
to the Early Miocene, followed by a second phase of rapid cool-
ing starting in the mid-Miocene, with increased cooling rates
from the Late Miocene (since about 10 Ma) to the present (or-
ange bars, Fig. 6).



Fig. 5. Radial plots of single-grain apatite fission-track (AFT) ages and histograms showing the confined-track length distributions of apatite grains for the samples used for
statistical inverse modeling. Samples are ordered as in Fig. 6.
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The t-T paths derived from the AT inverted rift basin fill (505,
504, 488, 486) also show two discrete phases of cooling. The
younger one occurred in the Miocene starting between 20 and
10 Ma (see also Corrado et al., 2021; Gusmeo et al., 2021, 2022).
Plio-Quaternary cooling rates are slower, in contrast with the GC
which has been exhuming rapidly over the last few million years
(see also Forte et al., 2022). Sedimentary samples from AT are par-
tially reset with reference to the apatite fission-track closure tem-
perature and thus retain a partial memory of the cooling history of
their sediment source-areas; their inverse models indicate that the
analyzed apatite grains were eroded from a source area which
experienced a phase of cooling/exhumation between ca. 60 and
40 Ma (green bars, Fig. 6).
11
6. Discussion

Joint inversion of our AFT, ZHe and AHe data from the Greater
Caucasus and the Adjara-Trialeti fold-and-thrust belt, integrated
with thermal maturity and stratigraphic data, resolves two discrete
phases of intraplate cooling/exhumation (Fig. 6) which can be
chronologically and spatially correlated to the development of
the two suture zones characterizing the geology of Anatolia and
the Caucasian region: the Sevan-Akera and Bitlis sutures. (i) The

Sevan-Akera suture is the eastern continuation of the _Izmir-
Ankara-Erzincan suture zone (Fig. 1A), marking the closure of the
northern Neotethys in Late Cretaceous - Paleocene times and the
ensuing collision between the Anatolide-Tauride-Armenian ter-
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rane of Gondwanan affinity and the southern Eurasian (Laurasian)
continental margin (Okay and Tüysüz, 1999; Stampfli and Hochard,
2009; Sosson et al., 2010; Barrier et al., 2018) (Fig. 7B). It is the
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major suture in Anatolia and the Caucasian region as it extends
from north of _Izmir eastward to the border with Armenia from
where it continues as the Sevan-Akera suture in the Lesser Cauca-
sus (Khain, 1975; Knipper, 1980; Adamia et al., 1981; Sosson et al.,
2010). To the west, the lzmir-Ankara-Erzincan suture links across
the Aegean Sea to the Vardar suture in the Balkan peninsula. (ii)

The Bitlis suture, separating the Anatolide-Tauride-Armenian ter-
rane to the north from the Arabian plate to the south, resulted from
the closure of the southern branch of the Neotethys (Yılmaz, 1993;
Okay and Tüysüz, 1999; Stampfli and Hochard, 2009; Barrier et al.,
2018) (Fig. 7D). The Bitlis suture continues to the south-east for
over 1,500 km as the Zagros suture, marking the progression of
an oblique and diachronous continental collision, with estimates
ranging between 35 and 5 Ma (Late Oligocene - Miocene; e.g.
Dewey et al., 1973; Bird et al., 1975; Allen and Armstrong, 2008;
Mouthereau et al., 2012; McQuarrie and van Hinsbergen, 2013;
Saura et al., 2015; Pirouz et al., 2017). Fast mid-Miocene cooling/
exhumation along the Bitlis suture zone marked the beginning of
head-on hard collision between Arabia and Eurasia in the region
of maximum indentation (Okay et al., 2010; Cavazza et al., 2018).

The stress field of plate interiors comprises transitory compo-
nents induced by geologically rapid changes at plate boundaries
which may trigger actual intraplate deformation at suitable loca-
tions (see Stephenson et al., 2020, for a review). Our results show
that the structural inversions of the GC and AT rift basins are prime
examples of the existence and action of intraplate stresses origi-
nating from different sources at different times and causing cumu-
lative, superposed effects on the same inherited geological
structures. The argument for transmission of plate boundary stres-
ses is supported by the matching tectonic evolution of the accre-
tionary southern margin of the Eurasian plate. The GC is a
growing intraplate orogen in a relatively young stage of its devel-
opment (Forte et al., 2022); this still provides the opportunity to
resolve earlier individual deformation pulses which in a more
evolved orogen would be obfuscated by the cumulative effects of
progressive deformation over longer time spans. The ATFTB is a
mildly inverted rift basin which still retains the thermochronologic
memory of cooling/exhumation episodes in the source area of its
sedimentary basin fill. In the following two sections we elaborate
on the timing, spatial distribution, and significance of the two cool-
ing/exhumation episodes recorded by the analyzed samples, with
focus on the results from the Greater Caucasus.
6.1. Latest Cretaceous-Paleocene cooling/exhumation

The thermochronologic evolution of the central GC basin fill and
its basement invariably points to a stage of rapid cooling starting in
the latest Cretaceous (Fig. 6), in agreement with the diachronous
collision of the Anatolide-Tauride-Armenian terrane with Eurasia
(latest Cretaceous - Paleocene) (Okay and Tüysüz, 1999; Stampfli
and Hochard, 2009; Sosson et al., 2010) (Fig. 7B). Evidence of latest
Fig. 6. Schematic structural cross-section from the southern pro-wedge of the
central Greater Caucasus, across the western Kura Basin (also called Kartli Basin)
and the eastern Adjara-Trialeti fold-and-thrust belt, to the northernmost tip of the
Lesser Caucasus retro-wedge (after Nemčok et al., 2013; Tari et al., 2021; Mosar
et al., 2022; our unpublished data). Statistical inverse modelling results of eight
representative samples, projected along the profile, are shown, with time (Ma) on
the x-axis and temperature (�C) on the y-axis. Envelopes include all t-T paths having
a statistically robust goodness-of-fit (GOF > 0.5); blue lines indicate best-fit paths.
Green and orange vertical stripes indicate two discrete cooling episodes in the latest
Cretaceous - Paleocene and the late Neogene. V.E. = vertical exaggeration. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

3



Fig. 7. Paleogeographic sketch maps showing the evolution of the Arabia-Eurasia convergence zone (after Barrier et al., 2018). Aptian: both the northern and southern
branches of the Neotethys were open. Late Maastrichtian: continental collision between the Anatolide-Tauride-Armenian terrane and Eurasia was ongoing, forming the Lesser
Caucasus orogenic wedge and causing partial inversion of the intraplate Greater Caucasus basin and mild deformation of the Donbas foldbelt. Middle Eocene: widespread
extension in the upper (Eurasian) plate triggering the opening, among others, of the Adjara-Trialeti back-arc basin. Middle Miocene: Arabia-Eurasia hard collision along the
Bitlis suture caused compressional deformation in a wide region of the hinterland, including structural inversion of the Adjara-Trialeti and Greater Caucasus back-arc basins.
AT = Adjara-Trialeti back-arc basin; ATA = Anatolide-Tauride-Armenian terrane; BP = Bitlis-Pütürge Massif; BS = Black Sea; DF = Donbas foldbelt; DK = Donetsk-Donbas-
Karpinsky rift; GC = Greater Caucasus orogen; GCB = Greater Caucasus Basin; LC = Lesser Caucasus; NN = Northern Neotethys; SN = Southern Neotethys; Za = Zagros fold-and-
thrust belt.
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Cretaceous - Paleocene deformation has been shown in other areas
of the GC basin. For example, during this time interval (i) marginal
basin-fill successions were thrust over the rift basin shoulders
along the southern edge of the central GC (Candeaux, 2021), (ii)
deformation greatly changed the geometry of the basin which
was partitioned in a number of smaller depocenters (Blackbourn
et al., 2021), and (iii) tectonic instability is recorded by a Paleocene
unconformity (Mosar et al., 2022). A widespread Early Paleocene
(ca. 64–60 Ma) unconformity also occurs to the south of the GC
basin in the area which then became the Rioni foreland basin
(Tari et al., 2018). Senonian-Paleocene intraplate compressional
deformation and exhumation is widespread in the sector of the
East European Platform directly to the north of the GC like, for
example, in the Donbas foldbelt, the southeastern termination of
the Middle-Late Paleozoic Pripyat-Dnieper-Donets rift basin
(Stovba and Stephenson, 1999; Maystrenko et al., 2003; Saintot
et al., 2003; Danišík et al., 2010; Kopp et al., 2010; Stephenson
et al., 2001) (Fig. 7B).

Late Cretaceous shortening is well documented also in the Les-
ser Caucasus of Azerbaijan and Armenia (e.g. Barrier et al., 2018)
(Fig. 7B), where its thermochronologic signature is still locally pre-
sent despite widespread overprinting by Middle-Late Miocene
shortening (Cavazza et al., 2019). The growing Lesser Caucasus oro-
gen was an important sediment source for the AT basin sedimen-
tary fill (Gusmeo et al., 2021) as also shown by
thermochronologic inverse modeling of basin-fill samples (Fig. 6).
Such samples, partially reset with respect to the AFT system, con-
sistently indicate fast cooling/exhumation of the sediment source-
area during the Paleocene-Early Eocene, a timing in agreement
with orogenic growth of the Lesser Caucasus.

The results of apatite fission-track analysis and statistical
inverse modeling from the Khrami Massif also point to inception
of slow cooling/exhumation during Paleocene-Early Eocene times
(Cavazza et al., 2019; Gusmeo et al., 2021), likely the result of con-
tinental collision along the Sevan-Akera suture. This interpretation
is supported by industrial seismic lines which indicate that the
massif is the surficial expression of a north-vergent basement
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thrust sheet, overlying a structural duplex made of Jurassic-
Cretaceous rocks, within the retro-wedge of the Lesser Caucasus
(Gusmeo et al., 2021).

6.2. Miocene cooling/exhumation

The new thermochronological dataset obtained across the cen-
tral GC and the AT fold-and-thrust belt indicates fast cooling/ex-
humation since the Miocene. Strain sequences along a large and
complex orogen such as the GC are characteristically diachronous
and therefore the results of this study apply directly only to the
central portion of the GC. Nonetheless, other thermochronological
data obtained more to the west (Avdeev and Niemi, 2011; Vincent
et al., 2011, 2020; Vasey et al., 2020) and to the east (Avdeev, 2011;
Bochud, 2011; Tye et al., 2022) are broadly in agreement, suggest-
ing that since the Middle Miocene fast uplift/exhumation affected a
wide area.

Available fission-track central ages and (U-Th)/He mean ages
are somewhat different along the strike of the GC (Fig. 4).
Ages < 10 Ma are concentrated east of � 42� longitude E whereas
to the west Late Miocene-to-present ages are virtually absent.
For example, the average AFT age to the east of Mt. Elbrus is
6.3 Ma, whereas to the west is 32.5 Ma. Kral and Gurbanov
(1996) proposed that the marked change in AFT ages that they
recorded on either side of Mt Elbrus activity was due to a major
NNE–SSW-trending basement fault, but no clear structures are
apparent in the surface geology of the western Greater Caucasus
that can be attributed to this feature nor there is evidence for seis-
micity along this trend (Vincent et al., 2011). Such longitudinal dif-
ference has fueled the hypothesis that the western and central GC
underwent substantially different cooling histories, with an abrupt
westward decrease in exhumation rate. These differences have
been explained in terms of buoyancy effects related to the astheno-
spheric replacement of lithospheric mantle (Vincent et al., 2020).
While it is true that the region with young cooling ages coincides
with an area of mantle-sourced Late Miocene and younger magma-
tism, it should be also considered that statistically robust ther-
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mochronologic inverse models available for the western and cen-
tral GC at longitudes ranging between 40 and 44�E (Avdeev and
Niemi, 2011, in this reference’s Figs. 4, 7; Vincent et al., 2011, in
this reference’s Fig. 5, 2020, Fig. 9; Vasey et al., 2020, in this refer-
ence’s Fig. 6) invariably show increased cooling starting from the
Serravallian-Messinian (Middle-Late Miocene; �14–5 Ma) and
clear-cut longitudinal trends are absent. The discrepancy between
single ages and integrated statistical models underscores an
important issue which is often neglected in thermochronology
studies: FT central ages and (U-Th)/He mean ages are hardly signif-
icant by themselves if the analyzed samples underwent a complex
thermal history (Malusà and Fitzgerald, 2019; Jess et al., 2020).
Such cases can be resolved by statistically integrating high-
quality results of multiple thermochronologic analytical tech-
niques. Unfortunately, the density of thermochronologic inverse
models currently available is still too low to develop a meaningful
cooling/exhumation pattern for the entire orogen, particularly for
its eastern portion, but a picture of widespread Middle-Late Mio-
cene cooling with some acceleration from ca. 5 Ma is emerging.
Within this overall trend there might be finer distinctions (i.e. a
general eastward younging trend) but they are not yet clearly
established at this stage, particularly considering the intrinsic lim-
itations of the dataset currently available.

Structural and stratigraphic data from the GC and the adjacent
foreland basins indicate widespread orogenic growth since the
Middle Miocene. For example, Sarmatian (late Middle-early Late
Miocene) marine sediments are now found at elevations reaching
4,000 m in the eastern GC, indicating very fast uplift in the
last � 10 Ma (Mosar et al., 2010). Inception of deformation in the
Kura foreland fold-and-thrust belt, to the south of the central-
eastern GC and resulting from its southward propagation, also
started during Middle-Late Miocene times, as shown by growth
strata geometries and thermal maturity data (Alania et al., 2017;
Corrado et al., 2021; Gusmeo et al., 2022). Growth strata geome-
tries in the Rioni foreland basin also indicate that south-directed
deformation in response to the western GC uplift occurred since
Middle Miocene times. In this basin, coarser clastics became pre-
dominant since the mid-Miocene, marking a clear-cut transition
from the finer grained sedimentary deposits of the Maykop succes-
sion (Tari et al., 2018). On the northern side of the orogen, seismic
lines interpretation, subsidence studies from boreholes data, and
stratigraphic analyses all indicate important deformation/uplift in
South

Fig. 8. Combined results of regional and local tomography along a north–south section cr
modified). Bluish patterns indicate the mantle lithosphere; the green pattern outlines t
volcanic centers. (For interpretation of the references to colour in this figure legend, the
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the GC since the Middle Miocene (e.g. Mosar et al., 2010;
Sobornov, 2021).

The dataset by Vincent and coworkers (2007, 2011, 2020) has
been interpreted in the subsequent literature to conclude that GC
exhumation began around the Eocene-Oligocene boundary. In real-
ity, the original interpretation is cautious: ‘‘the thermochronometric
data are not sufficiently detailed to be able to better constrain time–
temperature pathways . . . of the range, other than to confirm general
Oligo-Miocene cooling and identify a number of pulsed events during
this evolution . . . The resolution of these events is not well constrained,
although it would appear that cooling wasmost pronounced during the
Miocene epoch” (Vincent et al., 2011). Our thermochronometric
inverse models (Fig. 6), in agreement with most of the few thermal
histories available in the literature (Bochud, 2011; Vincent et al.,
2011; Avdeev and Niemi, 2011; Vasey et al., 2020), contradict the
traditional notion, much ingrained in the older literature, that GC
uplift initiated in the Oligocene. Such supposed uplift was consid-
ered the result of the Arabia-Eurasia collision, an interpretation
which is difficult to reconcilewith the fact that during theOligocene
the AT rift basin, despite being located between the Bitlis suture and
the GC basin, was still undeformed (Gusmeo et al., 2021). At least
two other observations provide further support to a post-
Oligocene uplift of the GC: (i) Oligocene depocenters in the Kura
foreland basin are aligned along its southern margin (i.e. there was
no GC-induced flexural subsidence during the Oligocene) (Nemčok
et al., 2013); (ii) the Oligocene sediment paleodispersal system
north of the GC is oriented southward, from the Scythian-Russian
platform towards the GC (i.e. there was no significant erosion and
sediment generation derived from the GC) (Sobornov, 2021).

Chronologically, the pulse of Miocene cooling/exhumation in
the Caucasian domain at large fits the timing of Arabia-Eurasia
hard collision (and hinterland deformation) and can be considered
as a result of the northward transmission of far-field compres-
sional stresses from the Bitlis suture (Okay et al., 2010; Cavazza
et al., 2018). The elastic stresses propagating from the Arabia-
Eurasia plate boundary were relaxed by compressional reactiva-
tion of pre-existing faults (Gusmeo et al., 2021; Mosar et al.,
2022). Neogene intraplate deformation started earlier (mid-
Miocene) in the AT backarc basin -situated closer the Bitlis colli-
sion zone- and kicked off in the central GC only later in the Late
Miocene (Figs. 6, 7D), when compressional stresses were transmit-
ted farther into the plate interior.
North

ossing the Greater (GC) and the Lesser Caucasus (LC) (from Ismail-Zadeh et al., 2020,
he rigid block in Transcaucasia (TC). Arrows indicate possible feeding paths of the
reader is referred to the web version of this article.)
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From a broader perspective, there is ample thermochronologic
evidence of increased cooling/exhumation starting in the Middle-
to-Late Miocene over a wide area stretching -west to east- from
the eastern Pontides of NE Turkey, across the AT fold-and-thrust
belt of Georgia, to the Lesser Caucasus of Armenia and Azerbaijan
(Albino et al., 2014; Cavazza et al., 2017, 2019; Gusmeo et al.,
2021). Intraplate strain distribution across the hinterland of the
Arabia-Eurasia suture was largely dictated by the geometry and
orientation of rift basins and older suture zones. A distinguishable
temporal-spatial pattern over such a wide area can be considered
to be driven by far-field stresses derived from the Arabia-Eurasia
collisional plate interactions. Miocene-to-present tectonic over-
printing has largely canceled the thermochronometric memory of
older tectonic events except for a few areas like the central Greater
Caucasus studied here and small portions of the Lesser Caucasus
(Cavazza et al., 2017), where the episodic and incremental nature
of intraplate deformation can still be appreciated by integrating
multiple thermochronometers.

Neogene inversion of Mesozoic-Paleogene rifts such as the
Greater Caucasus and Adjara-Trialeti basins as well as renewed
shortening of properly oriented segments of preexisting foldbelts
such as the Lesser Caucasus and the eastern Pontides were facili-
tated by the overall mantle structure of the region. Tomographic
studies show that the Caucasian region is squeezed between the
Arabian plate to the south and the Eurasian plate to the north,
which are displayed in the tomographic models as high-velocity
bodies down to a depth of ca. 200–250 km (Fig. 8). A low-
velocity anomaly beneath the Greater and Lesser Caucasus has
been interpreted as a volume where the mantle lithosphere is thin
or altogether missing, thus giving low strength to the lithosphere
and favoring strong shortening due to regional collisional pro-
cesses (Koulakov et al., 2012; Ismail-Zadeh et al., 2020; Cloetingh
et al., 2021). Mantle upwelling resulted in weakening of the over-
lying lithosphere, making it vulnerable to tectonic inversion. It
should be noted that mantle upwelling and intraplate deformation
by far-field stresses exerted from plate boundaries are not mutu-
ally exclusive processes as they often interact or follow up on each
other (e.g. Huismans et al., 2001; Burov and Cloetingh, 2009;
François et al., 2018).
7. Conclusions

The Arabia-Eurasia collision zone is an ideal region for studying
the structural/geodynamic processes inducing intracontinental
propagation of deformation in space and time. Here, collision has
created a wide zone of diffuse deformation across the Eurasian hin-
terland, including (i) structural inversion of sedimentary basins, (ii)
reactivation of portions of older orogenic sutures, (iii) distributed
strike-slip deformation, and (iv) the development of an orogenic
plateau. In this area of ongoing collision, the geological record of
incremental deformation has not been erased by extreme shorten-
ing, thus making possible the reconstruction of the earlier struc-
tural history.

The southern Caucasian region has been affected by successive
phases of intraplate rifting, quiescence, and inversion. The com-
bined application of multiple low-temperature thermochronome-
ters, maximum temperature determinations, and stratigraphic
observations shows that the structural inversion of the central part
of the Greater Caucasus rift basin was punctuated by two episodes
of cooling/exhumation. A Late Cretaceous - Paleocene episode is
recognized here for the first time and resulted from the accretion
of the Anatolide-Tauride-Armenian block along the southern Eura-
sian margin, an event which triggered widespread intraplate defor-
mation in the hinterland of the collision zone. The second episode
started in the mid-Miocene, coevally with the docking of the north-
15
ern Arabian plate. During both events, episodic plate-boundary
processes (terrane accretion) produced geologically short-lived
stresses (‘‘traumatic stresses”; Stephenson et al., 2020) elastically
transmitted into the plate interior, where they were relaxed by
permanent non-elastic response like the compressional reactiva-
tion of preexisting faults, including basin inversion, in those areas
where inherited heterogeneities were favorably arranged. The
result is a complex array of various intraplate structural domains
with varying degrees of deformation as the detailed tectonic evolu-
tion of individual intra-continental areas largely depended on their
orientations/positions in relation to the stress generating orogenic
processes at the continental margin.

The results of this study place cogent constraints on the
tectono-structural evolution of the central Greater Caucasus. It
would be tempting to extrapolate these results to the entire oro-
genic belt but, considering its dimensions and non-cylindrical
structural configuration, they should be extended with caution to
its other sectors.
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