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Key points:
* There is a marked lateral change in the Cenozoic cooling history of the crystalline core of
the western Greater Caucasus

* The region with young cooling ages (between Mt. Elbrus and Mt. Kazbek) coincides with

an area of mantle-sourced Late Miocene and younger magmatism

¢ |f driven by buoyancy forces, cooling must be partitioned over short wavelengths by

lithospheric heterogeneities
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Abstract

The Greater Caucasus form the northernmost deformation front of the Arabia-Eurasia
collision zone. Earlier thermochronometric studies on the crystalline core of the western
Greater Caucasus highlighted an abrupt along-strike increase in cooling ages to the west of
Mt. Elbrus. Twenty-eight thermochronometric analyses conducted as part of this study
confirm this pattern. Overall Cenozoic exhumation was restricted to less than 5-7 km, with
slow to moderate punctuated Oligo-Miocene cooling. Cooling rates increased during the
Late Miocene to Pliocene. These are most rapid east of Mt. Elbrus, where they probably
increased later than farther west (at c. 5 Ma rather than 10-8 Ma). Differential cooling rates
do not appear to be driven by lateral variations in tectonic shortening. The region
undergoing rapid young cooling does coincide, however, with an area of mantle-sourced
Late Miocene and younger magmatism. Thermal relaxation or overprinting is ruled out
because geomorphic and modern sediment flux data mirror the thermochronometric
trends. The buoyancy effects of demonstrable mantle upwelling are capable of causing the
magnitude of exhumation-related cooling recorded in this study, but typically act over
wavelengths of several 100 km. We suggest that lithospheric heterogeneities are
responsible for modulating the shorter wavelength differences in exhumation rate
documented here. These heterogeneities may include the continuation of the same
structures responsible for the eastern margin of the Stavropol High to the north of the
Caucasus, although further work is required. Similar abrupt variations in mantle-supported
uplift and exhumation modulated by crustal structure may occur in other mountain belts

worldwide.
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1 Introduction

The Greater Caucasus is Europe’s highest mountain range. It marks the northern
deformation front of the Arabia-Eurasia collision zone between the Black and Caspian seas,
some 400-475 km north-northeast of its associated suture zone (the Bitlis-Zagros suture;
Figure 1). During the Jurassic to Eocene, prior to Arabia collision, the northerly subduction of
Neo-Tethys resulted in the southern leading edge of Eurasia being affected by various upper
plate processes. These included volcanic arc formation along the eastern Pontides and
southern Transcaucasus [Kazmin et al., 1986], accretion of the Anatolide-Tauride and South
Armenia continental blocks [Rolland, 2017; Sosson et al., 2010], and the opening of the
Black Sea, South Caspian and Greater Caucasus basins [Brunet et al., 2003; Nikishin et al.,
2012; Vincent et al., 2016].

Relatively deep-water ‘flysch’ sediments deposited in the Jurassic to Eocene Greater
Caucasus Basin crop out along the southern slope of the Greater Caucasus [Adamia et al.,
1992; Saintot et al., 2006a; Vincent et al., 2016] (Figures 2 & 3). Thinner successions of
contemporaneous shallower-water sediment overlie the now partially exhumed basement
of its northern and southern flanks in its western sector [Vincent et al., 2016]. These are
represented by the crystalline core of the range and the Dziruli Massif, respectively (Figure
3).

The Greater Caucasus Basin formed the tectonic dislocation that became the locus of later

Greater Caucasus mountain building [Adamia et al., 2011; Mosar et al., 2010; Saintot et al.,
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2006a; Vincent et al.,, 2016]. The timing of Greater Caucasus Basin closure and the
subsequent pattern of Cenozoic exhumation in the Greater Caucasus is debated.

There is evidence for Eocene compressional deformation in the western Greater Caucasus
[Baskakova and Nikishin, 2018; Mikhailov et al., 1999; Saintot and Angelier, 2002; Saintot et
al., 2006a; Tari et al., 2018]. According to Vincent et al. [2007, 2016], this culminated in the
closure of the western sector of the Greater Caucasus Basin, subaerial rock uplift and the
formation of the proto-western Greater Caucasus around the Eocene-Oligocene transition.
They interpreted Oligo-Miocene sediments along the southern margin of the range to have
been deposited in successor foreland basins as contemporaneous south-directed thrust

sheets loaded the former southern shelf of the Greater Caucasus Basin.

Cowgill et al. [2016], building on the earlier work of Avdeev and Niemi [2011], instead
proposed that the Greater Caucasus Basin remained open until the Pliocene. In their
interpretation any evidence for Oligo-Miocene subaerial uplift is restricted to the northern
margin of the basin and resulted from the northerly subduction of ‘oceanic basin’ crust
beneath it. Furthermore, they interpreted Oligo-Miocene sediments on the southern side of
the range to have been deposited within the relic oceanic basin and later thrust southward
onto its southern margin during final basin closure. They inferred the timing of basin closure
from an episode of c. 5 Ma cooling in the crystalline core of the western Greater Caucasus.
This was modelled from thermochronometric data from samples collected between the
Plio-Pleistocene volcanic peaks of Mt. Elbrus and Mt. Kazbek [Avdeev, 2011; Avdeev and

Niemi, 2011] (Figure 2).

Cowgill et al. [2016] proposed that c. 5 Ma Greater Caucasus Basin closure was the trigger

for a deceleration of plate convergence and tectonic reorganization across the Arabia-
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Eurasia collision zone. Vincent et al. [2007], instead, related basin closure around the
Eocene-Oligocene transition to the far-field effects of initial Arabia-Eurasia collision, with
this process being unrelated to later Arabia-Eurasia reorganization. Further details of these
contrasting hypotheses can be found in the papers cited above and the ensuing

correspondence [Cowgill et al., 2018; Vincent et al., 2018].

Given the geodynamic significance attached to the cooling history of the western Greater
Caucasus as modelled by Avdeev and Niemi [2011], the current authors carried out apatite
and zircon fission track (AFT, ZFT) and apatite (U-Th)/He (AHe) analyses on 21 bedrock and
colluvial / fluvial medium- to high-grade metamorphic samples between 40.8°E and 43.1°E
on either side of Mt. Elbrus (Table 1; Figure 2). Colluvial / fluvial samples were collected
immediately downstream of actively eroding areas and were transported less than 8 km
from their host outcrops. An AHe analysis was also carried out on a sample originally
collected for the study of Vincent et al. (2011). These analyses are presented here and
combined with new fluvial geomorphic and existing thermochronometric, geologic and
geomorphic data to provide new insights into the Oligocene to recent cooling history of the
western Greater Caucasus. In particular, we test: (1) whether the 5 Ma cooling phase
identified by Avdeev and Niemi [2011] can be reproduced and, if so, how widespread it is;
(2) whether a westerly increase in AFT cooling ages identified by Kral and Gurbanov [1996] is
replicated and, if so; (3) whether it is reflected in other uplift and exhumation proxies. We
then go onto discuss what these observations may mean in terms of the wider geodynamic

evolution of the region and their applicability to other mountain belts worldwide.

Although the focus of this study is the Cenozoic exhumation history of the western Greater

Caucasus, exhumation data from the eastern Greater are briefly introduced and placed in
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their wider context in the discussion (section 8.3). Ultimately, however, it is unclear how
relevant these data are to the region farther west, given the limited nature of this data set
and the marked difference in the present-day geodynamics of the two sectors of the range

(see below).

2 Geodynamic Setting

Instrumentally-recorded earthquake and GPS-derived velocity data indicate that there are
large-scale lateral variations in the present-day dynamics of the Caucasus region (Figure 1).
Large-magnitude seismicity (M>4.5) is concentrated around and to the east of Mt. Kazbek,
with deep earthquakes north of the Caucasus and in the central Caspian indicating that the
Transcaucasus and South Caspian Basin are being underthrust or subducted northward
under the eastern Greater Caucasus and Apsheron Sill [Allen et al., 2002; Jackson, 1992;

Jackson et al., 2002; Mellors et al., 2012; Mumladze et al., 2015].

GPS-derived convergence rates between the Transcaucasus [sensu Adamia et al.,, 1992],
north of the Sevan-Akera suture zone, and the southern part of the eastern Greater
Caucasus increase towards the east (Figures 1 & 4). Geologic, geomorphic and seismic data
demonstrate that this active shortening is taken up on both the northern and southern
flanks of the eastern Greater Caucasus [Allen et al., 2004; Forte et al., 2014, 2010; Mosar et
al., 2010; Philip et al., 1989; Sobornov, 1994]. The western boundary of this geodynamically-
active region is marked by the Northeast Anatolian fault zone, along which a series of
earthquakes with sinistral fault solutions have been recorded (Figure 1) [Copley and Jackson,
2006; Jackson, 1992; Philip et al., 1989]. However, there is no evidence that this structure

continues into the upper plate [cf. Philip et al., 1989]. Seismicity in the western Greater
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Caucasus is restricted to above ~33 km (Figure 1). Mumladze et al. [2015] inferred this to be
due to break-off of the equivalent slab farther east. Van der Meer et al. [2018] subsequently
identified a positive velocity anomaly beneath the western Greater Caucasus at ~350-650

km depth that they attributed to this detached slab.

GPS-derived velocities in the central and northern parts of the western Greater Caucasus
are negligible relative to Eurasia (Figure 1); geodynamic models typically group the Pontides,
Eastern Black Sea, western Greater Caucasus and Eurasia together (Figure 4) [Reilinger et al.,
2006]. Orogen-perpendicular convergence rates between the Pontides and Adjara-Trialet
Belt (on the southern and eastern margins of the Eastern Black Sea) and the western
Greater Caucasus are around 2-3 mm a™. Shortening is taken up within the southern part of
the western Greater Caucasus (Figure 1). This is best constrained to the north of the Dziruli
Massif between the Racha-Lechkumi and Utsera faults (see Figures 2 & 3 for locations)
[Fuenzalida et al., 1997; Sokhadze et al., 2018; Triep et al., 1995]. It is in this region that the
Racha earthquake, the largest instrumentally recorded earthquake in the Caucasus (Ms=7.0)
was recorded. Seismic source studies indicate that the Racha earthquake was the result of
reverse slip on a moderately-inclined (~30°) north-dipping fault, with aftershocks located at
depths of ~3-13 km [Fuenzalida et al., 1997; Triep et al., 1995] (Figure 3). We interpret it to
result from the southward transport of the Mesozoic fill of the Greater Caucasus Basin over
the basement (Dziruli Massif) and cover of the Transcaucasus on the Racha-Lechkumi fault

(Figure 3).

Whilst GPS and seismicity data indicate that the western Greater Caucasus is
geodynamically less active than farther east, it is at the eastern end of the western Greater

Caucasus that earlier thermochronometric studies have identified a region of rapid cooling
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and presumed exhumation that is the focus of this study [Avdeev and Niemi, 2011; Kral and
Gurbanov, 1996; Vincent et al., 2011]. This region also forms the main site of Late Miocene
to Quaternary magmatism within the Greater Caucasus [Chernyshev et al., 2014; Gazis et
al., 1995; Hess et al., 1993; Lebedev et al.,, 2009a, 2009b, 2011b; Lebedev and Vashakidze,
2014; Tutberidze, 2012]. It also includes some of its highest local relief [Forte et al., 2016]
and highest elevations, and, as mentioned above, is the site of its largest instrumentally

recorded earthquake [Triep et al., 1995] (Figure 2).

Four sectors of the western Greater Caucasus are defined in this study to help with its
characterization; these are termed northwest, northeast, southeast and southwest and are
marked by blue dashed lines on Figure 2. In a north-south direction, these sectors are
defined by the range’s drainage divide. The majority of the crystalline core of the range
occurs on the northern side of this boundary. In an east-west direction, the sectors are
divided by a boundary that runs through Mt. Elbrus coincident with the major change in
cooling ages identified in earlier fission track data. To the south of the drainage divide this
boundary runs between the catchment of the Inguri River to the east and the Galisga and
Kodori rivers to the west. North of the drainage divide this boundary is defined by the
influence of the Stavropol High. Rivers such as the Kuma that drain eastward into the
Caspian Sea occur to the east of the boundary and rivers such as the Kuban that drain

westward into the Sea of Azov occur to its west (Figure 2).

3 Previous Thermochronometric Studies
Three major fission track studies have been carried out in the western Greater Caucasus.

Early work by Kral and Gurbanov [1996] was carried out prior to fundamental advances in FT
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methodology and is therefore of uncertain reliability. Their work would appear to show a
spatial trend in AFT cooling ages (Figures 5a & 6); in the north-eastern sector of the range,
to the east of Mt. Elbrus, most ages cluster between 4-7 Ma, whilst in the north-western
sector, to the west of Mt. Elbrus, AFT ages get progressively older, implying a decrease in

exhumation rate in this direction.

Vincent et al. [2011] documented both AFT bedrock and detrital ages. They derived bedrock
ages of 28+2 Ma or older within the crystalline core of the north-western part of the range
(Figures 5a & 6). These were similar to, or older than, those obtained by Kral and Gurbanov
[1996] from the same region. Thermal modelling of a number of these samples identified
cooling from the Oligocene, with a possible acceleration in rates in the Miocene. Detrital
AFT time lags (the difference between cooling and depositional ages) recorded by Vincent et
al. [2011] were typically large (>80 Ma). Some samples from the southern sectors of the
range, however, yielded time lags of as little as 10 Ma implying Oligocene and Miocene
average cooling rates in their northerly sediment source regions of 10°C Ma™. Together
these results were interpreted to indicate heterogeneous, slow to moderate, punctuated

Oligo-Miocene cooling in the northern sectors of the range.

Vincent et al. [2011] also reported a metasedimentary bedrock sample from the south-
eastern sector of the western Greater Caucasus in west Georgia with an AFT cooling age of
2.5+0.6 Ma (Figures 5a & 6). With advection taken into account, they equated this to a
relatively high exhumation rate of ~0.9 km Ma™ (calculated using the AGE2EDOT program
[Ehlers et al., 2005], with a 40°C km™ geothermal gradient and a 10°C surface temperature).
Lacking thermochronometric data from the crystalline core of the north-eastern sector of

the western Greater Caucasus, Vincent et al. [2011] postulated that this exhumation event
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might either reflect the inversion of the former sedimentary fill of the Greater Caucasus
Basin, south of the crystalline core of the range (their model 1), or that it might also involve
the crystalline core of the range, but only to the east of Mt. Elbrus as suggested by the data

of Kral and Gurbanov [1996] (their model 2; Figure 7).

Avdeev and Niemi [2011] plugged the data gap of Vincent et al. [2011] by reporting AFT
cooling ages to the east of Mt. Elbrus, in the north-eastern sector of the range. These range
typically between 5-8 Ma, helping to validate the analysis of Kral and Gurbanov [1996] and
supporting model 2 of Vincent et al. [2011] (Figures 5a, 6 & 7). They modelled Oligo-
Miocene cooling rates of ~4°C Ma™, using unreported fission track density and length
distributions, followed by an increase to ~25°C Ma* at around 5 Ma; an event not evident in

the Vincent et al. [2011] data set farther west.

Avdeev and Niemi [2011] also conducted AHe analysis. Although they reported average
corrected cooling ages, all but a single sample (B3) show significant overdispersion (>25%)
within sample replicates, so that the meaning of their average ages is unclear. Sample B3
yielded an average corrected AHe age that is older than its AFT central age. This is unlikely
to be due to radiation damage effects as the ages are young and the U/Th concentrations
are not especially high. As a consequence, the AHe dataset of Avdeev and Niemi [2011] have
not been incorporated into this study. Individual corrected AHe grain ages ranged between

0.7 Ma and 22.9 Ma, with the majority being younger than 5 Ma [Avdeev, 2011].

Palaeozoic to Mesozoic ZFT cooling ages reported by both Vincent et al. [2011] and Avdeev
and Niemi [2011] (Figures 5c & 6) imply that the overall amount of Cenozoic exhumation

anywhere in the western Greater Caucasus is less than 5-7 km. This is based on a ZFT closure

10
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temperature of 210-220°C, a 10°C surface temperature and a static geothermal gradient of

30-40°C km™.

4 New Thermochronometric Analyses

We obtained 5 AHe, 19 AFT and 4 ZFT analyses in order to better constrain the
cooling/exhumation history of the western Greater Caucasus. Samples were collected from
both bedrock and colluvial / fluvial medium- to high-grade metamorphic rocks from the
crystalline core of the range. Sampling was carried out on either side of Mt. Elbrus, north of
the drainage divide. The sampling strategy was designed to generate data that overlapped
spatially with the previous data sets. We were unable to sample in the Republic of Abkhazia,
in the south-western sector of the western Greater Caucasus. It has therefore not been
possible to test whether the high rates of exhumation identified by Vincent et al. [2011] in
the south-eastern sector of the range in west Georgia, and interpreted to result from the

inversion of the Greater Caucasus Basin, also occur farther to the west.

The thermochronometric analyses were carried out by the London Geochronology Centre
based at University College London, UK. Full analytical details can be found in the
supplementary data section. The FT results are presented in Table 2 and the AHe results in
Table 3. Thermal histories were inferred using the program QTQt [Gallagher, 2012], which is
based on a Bayesian transdimensional approach to data inversion. Model outputs are an
ensemble of accepted thermal histories that approximate the posterior probability that the
sample was at a specific temperature at a given time. This ensemble can be simplified to an
expected model (a mean thermal history model weighted by the posterior probability of
each individual thermal history) and associated 95% credible intervals that provide a

measure of uncertainty.

11



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

Vincent et al.

4.1 Apatite Fission Track Results
There are two main AFT cooling age groupings apparent in our data, one between
2.410.5 Ma and 8.1+1.4 Ma, and the other between 18.2+2.2 Ma and 27.6+7.7 Ma (Table 2;
Figure 6). Twelve samples have AFT cooling ages in the 2.4+0.5 Ma to 8.1+1.4 Ma age group.
Eleven of these were collected from around or to the east of Mt. Elbrus in the north-eastern
sector of the western Greater Caucasus (Figures 5b & 6). They have similar cooling ages to
samples reported by earlier works from this region (Figures 5a & 6) and would suggest
relatively rapid Late Miocene and younger exhumation. Sample MS_078 1 also falls into this
age group (7.7+0.8 Ma), but occurs 100 km to the west of Mt. Elbrus at the southern margin
of its crystalline core close to the Main Caucasus Thrust (Figures 5b & 6). It is the youngest
AFT cooling age reported so far from the north-western sector of the western Greater

Caucasus.

The second group comprises five samples with age ranges between 18.2+2.2 Ma and
27.7+7.7 Ma. Two additional samples have ages of 46.1+6.9 Ma and 48.2+2.5 Ma (Table 2).
All of these samples occur in the north-western sector of the western Greater Caucasus, to
the west of Mt. Elbrus (Figures 5b & 6), and would suggest much lower or punctuated
exhumation rates. Ages are similar to those from the same region reported by Vincent et al.
[2011] and to the majority of those reported by Kral and Gurbanov [1996] (who also

documented six samples with 12-16 Ma ages; Figure 5a).

There are no clear trends in AFT cooling age across the range in either its north-eastern or
north-western sectors (Figure 8). The single cooling age reported by Vincent et al. [2011] in

the south-western sector is as young or younger than those reliable ages to the north

12
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(Figure 8b). This would suggest cooling is not focussed in the immediate hangingwall of the
Main Caucasus Thrust and that, east of Mt. Elbrus, areas to its north and south may be

cooling at approximately similar rates [model 2 of Vincent et al., 2011].

Due to the generally young ages and / or low uranium contents there are few track length
data available for thermal history modelling (see below). This is not an issue for samples

with young cooling ages as their ages can only signify rapid recent cooling.

4.2 Apatite (U-Th)/He (AHe) Results
We also carried out AHe analysis on five AFT samples from the north-western sector of the
study area. Two samples, with low dispersion and similar grain sizes, yield average raw AHe
ages of 10.0+1.7 Ma and 15.4+1.2 Ma (Table 3; Figures 5¢ & 6). Individual raw grain ages
from two of the other samples are broadly consistent with these ages (Table 3). When
paired with their AFT ages (46.1+6.9 Ma and 48.2+2.5 Ma, respectively), the former samples
record upper crustal cooling of ~50°C during the Eocene to Miocene followed by a further
~50°C from then on. The fifth sample has a 4.2+0.5 Ma average raw age (Table 3). When
paired with its 26.315.2 Ma AFT age, this would suggest a younger phase of cooling during

the Late Oligocene to Early Pliocene followed by very rapid cooling from then on.

Figure 9 shows examples of individual sample thermal history models based on the AFT and
AHe data. A common feature of these models is that cooling rates were modest prior to 10-
8 Ma after which some models show a marked acceleration in cooling. Samples that do not
show the recent increase in cooling were already at shallow crustal levels where
temperatures were below the sensitivity of the AHe system, e.g. sample MS_002_51. This

broadly mirrors the earlier thermal modelling of AFT only samples from west of Mt. Elbrus

13
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by Vincent et al. [2011] that identified a Miocene (c. <15 Ma) increase in cooling. In section

5 we model all of the apatite data to gain a regional rather than site specific perspective.

4.3 Zircon fission Track Results
Our ZFT analyses vyield a wide variety of cooling ages (Table 2). Sample MS_015_1, from
immediately south of Mt. Elbrus, yields the oldest age (231.6+17.2 Ma). This is similar to a
range of ZFT samples recorded by Vincent et al. [2011] and Avdeev and Niemi [2011] from
along the length of the northern part of the range that have Permo-Triassic ages between
223.2+18.0 Ma and 293.4+12.4 Ma (Figures 5d & 6). Samples MS 092 1 and MS_093 1,
from the north-eastern part of the range, yield younger, Early Cretaceous cooling ages
(120.348.4 Ma and 117.6%6.0 Ma, respectively). These cooling ages are similar to that
obtained from sample WG137/1 (139.6+6.5 Ma) from the south-eastern part of the range
that yielded the youngest AFT age identified in the study of Vincent et al. [2011] (Figure 5d).
The Mesozoic ZFT cooling ages determined in this study again limit the overall amount of

Cenozoic exhumation within the core of the Caucasus to less than 5-7 km.

Sample MS_004_3 from close to the Eldzhurtinskiy granite yielded 1.4+0.2 Ma AFT and
1.7+40.2 Ma ZFT cooling ages (Figure 5). These are consistent with the very young
emplacement age of this pluton [c. 2.5 Ma; Hess et al., 1993] and, because of advection and
the perturbation of the thermal structure of the upper crust, cannot be used to accurately

determine exhumation rates (see section 6).

14
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5 Inverse Modelling of the Thermochronometric Data for Exhumation Rates

In order to highlight the spatial and temporal trends in the thermochronometric data from
this and earlier studies, we use a formal linear inverse method [Fox et al., 2014]. This
approach has several advantages over simply interpolating between thermochronometric
ages or time averaged exhumation rates. First, ages vary as a function of elevation and this
complicates and potentially masks spatial trends when interpolating between ages. Second,
it allows us to incorporate data from multiple thermochronometric systems. Third, it allows
trends to be compared over coherent time intervals, as opposed to inferring exhumation
rates from individual ages that are averaged over age-defined intervals. This also ensures
that ages obtained with different systems from the same sample have a consistent
exhumation rate history. Fourth, it accounts for an evolving thermal field below complex
topography by decomposing the 4D thermal field into transient 1D thermal models that are
consistent with exhumation rates and temperature perturbations about 1D thermal models

due to surface temperature perturbations caused by modern topography.

As is required when interpolating between ages or time-averaged exhumation rates, several
parameters must be specified. These include spatial smoothness constraints, regularization
terms to account for data noise, exhumation history discretization and a thermal model. We
discretize the exhumation rate history into time steps that are specified based on various
global and regional (Paratethyan) unit boundaries (as set out in the caption to Figure 10).
After running a number of sensitivity tests (Figure S1), we adopted a spatial correlation
length scale of 25 km to provide smooth models that highlight regional trends. An
overestimated correlation length scale parameter increases temporal resolution at the
expense of spatial resolution, potentially leading to incorrect accelerations or decelerations

depending on the locations of ages in space and time and the prior mean exhumation rate.
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Alternatively, an underestimated value reduces the temporal resolution and changes in
exhumation rate through time cannot be recovered [Fox et al., 2014; Schildgen et al., 2018].
A thermal model is used that results in present day geothermal gradients of up to 38°C km™
for the most rapidly exhuming areas. This is similar to the geothermal gradient estimate of
Vincent et al. [2011] (40°C km™) for the same region. Other parameters include an initial
geothermal gradient of 26°C km™ and a corresponding basal heat flow lower boundary
condition at 100 km depth, an upper boundary condition at 0 km and a fixed surface
temperature of ~4°C at ~1800 m asl. Perturbations around this 1D thermal model are
predicted using the modern topography extracted from the global 30 arc-second GEBCO
database [Weatherall et al., 2015]. The model does not account for changes in topography
through time but given that the young AHe data are most sensitive to topography, the
modern topography is better than assuming no topographic perturbation. For the purposes
of focusing on the most recent cooling, the model starts at 33.9 Ma, when the western
Greater Caucasus initially emerged above sea level [Vincent et al., 2007]. A prior mean
exhumation rate of 0.4 km Ma™ was adopted. This represents a preferred value in the
absence of any effective data for the duration of the model. Exhumation rates will deviate
from this prior value as effective data are incorporated into the model to derive the
posterior rates. For example, the old zircon fission track ages will lead to a decrease in rates
between the prior and posterior models. A prior standard deviation of 0.1 km Ma™
represents the expected variation about the mean value. The variability in the final solution
is determined by the spatial and temporal distribution of the data, the data uncertainties,
the correlation length scale parameter and finally, the prior standard deviation, modified to
yield reasonable results. These results are simply used to highlight regional trends in the

data and we do not attempt to determine a unique solution to this inverse problem. For an
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analysis of the influence of these parameters on the final results, please see Fox et al. [2016]

or Ballato et al. [2015].

Figure 10 shows the results of the inversion from which we infer variations in regional
exhumation rates in space and time. The recent time steps show the predicted exhumation
rates, the resolution value and the data that fall within each time interval. The resolution
value equals 1 where the data constrain the exhumation rate independently of the prior
rate and rates in other time steps, while values less than 1 highlight areas where the model
is less well resolved. For example, if 4 time intervals are required to explain a single isolated
age, resolution values of less than 0.25 would be expected in each time interval, because
the exhumation rate in each time interval depends on the exhumation rates in the other
time intervals [Fox et al., 2014]. It is therefore not clear what resolution threshold is most
appropriate to distinguish between “good” and “bad” resolution, instead we show maps of
temporal resolution with each map of exhumation rate masked below 800 m. Additional
data that fall in low-resolution areas and time intervals would improve the resolution of the
results. During the earliest time interval, the exhumation rate map is dominated by the prior
value of 0.4 km Ma™. Areas within the western Greater Caucasus that lack cooling age data
are predicted to exhume at this rate for the duration of the model and this is an expected
artefact of the analysis as reflected by the low resolution values. Towards the present, an
increasing number of ages contribute to the exhumation rate output and rates deviate from
the prior. As the number of ages constraining rates increases, parts of the western Greater
Caucasus decrease in exhumation rate. This does not necessarily mean that there has been
a decrease in exhumation rate, rather that in earlier time steps the rates were
unconstrained by effective data. In the illustrated model run, well constrained exhumation

rates for much of the Miocene are of the order of 0.10-0.15 km Ma™. Exhumation rate in a
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specific time interval is constrained by the data that fall within that specific time interval but
also exhumation rates in other time intervals. This is because the distance to the closure
depth is the integral of the exhumation rate history between the present day and the age of
the sample. Therefore, data that fall in earlier time intervals influence all subsequent
exhumation rates. Furthermore, if the exhumation rate history of a single age is discretized
into two-time intervals, changing the exhumation rate in the younger time interval (due to
the inclusion of additional data) forces the exhumation rate in the older time interval to
change so that the total exhumation remains constant. This anti-correlation of exhumation
rate between time intervals may explain the very low rates in the 9.6-5.33 Ma time interval
between Mt. Elbrus and Mt. Kazbek (Figure 10b). This effect is illustrated in Figure 11a-b,
where <5.33 Ma cooling ages (that constrain recent rates) were excluded from the model
run and the 9.6-5.33 Ma exhumation pattern more closely matches that of earlier time

periods.

The main conclusion from the inverse modelling exercise is that whilst phases of modest
Oligo-Miocene exhumation are apparent, there was a marked increase in exhumation rate
between Mt. Elbrus and Mt. Kazbek during the Pliocene and younger modelled time
interval. This increase is consistent with the findings of Avdeev and Niemi [2011].
Exhumation rates also increased farther to the west during this time interval, but by a lesser
amount. For instance, in our illustrated model run, well-constrained exhumation rates in the
north-eastern sector of the western Greater Caucasus reached ~0.5 km Ma™ or more, whilst
in the north-western sector they were closer to 0.25 km Ma™ (Figure 10a). The precise
timing of this increase in exhumation rate is conditioned by the time steps chosen for the
inverse modelling and is more accurately defined by individual sample thermal models. This

study would suggest that increased exhumation rates may have been initiated slightly
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earlier (at c. 10-8 Ma) in the northwest (Figure 9) than previously modelled in the northeast
[at c. 5 Ma; Avdeev and Niemi, 2011]. There is also tentative evidence that a subtle increase
in exhumation may have also begun before c. 5 Ma in the latter region, but this has been

masked by the later episode of cooling (Figure 11b).

6 Thermal Effects of Regional Magmatism

The region of young FT ages identified by this and earlier studies coincides with that of
Middle Miocene to Quaternary magmatism in the Caucasus region (Figure 5d). The oldest
magmatism occurred in the Guria [western Adjara-Trialet Belt, c. 15 & 9-7.5 Ma; Lebedev et
al., 20093, 2011b] and Mineral’nyye Vody [Caucasian Mineral Waters, c. 8.3 Ma; Lebedev et
al., 2006b] regions to the south and north of the main range, respectively. Magmatism on its
southern slope, around the Utsera fault, occurred between c. 7.2-6.0 Ma [Lebedev et al.,
2013]. In the core of the western Greater Caucasus it is younger, being concentrated
between 4.5-1.6 Ma [Hess et al., 1986; Lebedev et al., 2009b, 2011b, 2006a]. The most
recent phase of volcanism in the Mt. Elbrus and Mt. Kazbek regions began around 250 ka
ago [Lebedev et al., 2010, 2011a; Lebedev and Vashakidze, 2014]. Magma is generally
thought to be mantle derived, as indicated by the Sr-Nd-O isotopic systematics of recent
volcanic rocks and the high helium isotopic values of associated subsurface fluids [Polyak et
al., 2009, 2000; Tutberidze, 2012]. Polyak et al. [2000] noted a spatial relationship between
increasing *He/*He values and background conductive heat flow densities, and decreasing
FT ages from the Kral and Gurbanov [1996] data set. This relationship remains valid for the
more recent thermochronometric and helium isotopic data from the region (Figures 5 & 6)

and raises the possibility that the young low temperature thermochronometric cooling ages

19



439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

Vincent et al.

and mantle-derived Cenozoic magmatism are linked. We shall explore the potential dynamic
effects of this mantle-driven magmatism on cooling ages later. Here though we consider
whether magma emplacement may have resulted in magmatic heating of the crust,
transient changes in regional thermal gradients and an overprinting of the exhumation-

induced thermochronometric record.

The thermal effects of shallow-magma emplacement in the western Greater Caucasus are
difficult to assess. Volcanic centre locations and ages are catalogued in the supplementary
information (Table S1). Pluton sizes are poorly constrained. An exception to this is the
shallow magma chamber beneath Mt. Elbrus that has been estimated to be ~9 km in
diameter [Milyukov et al., 2010]. Broadly speaking, if heat transfer is mainly by conduction,
the zone of heating associated with magma emplacement is localized (extending out ~2-3
times the pluton radius) and will decay back to normal geotherms within 5-10 Myrs
depending on pluton size [Murray et al., 2018]. This would suggest that the Elbrus pluton
will be associated with a thermal affect extending ~10-15 km from its volcanic centre. The

thermal effect of other plutons is likely to be smaller.

There are 15 samples within 10 km of known Neogene to Quaternary magmatic centers
(Table S2). These are highlighted on Figures 6 and 8. Of these, it is clear that the AFT and ZFT
ages of sample MS_004_3 were reset because of its proximity to the Eldzhurtinskiy granite.
The sample is ~6.3 km from the centre of the granite outcrop and ~3.8 km from its closest
margin. We have therefore excluded it from the inverse modelling dataset, along with
sample 228C of Kral and Gurbanov [1996] because of its atypically young (1.0+0.1 Ma) AFT

cooling age (Figures 6 & 8). The other highlighted samples do not have systematically
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younger AFT cooling ages than other samples to the east of Mt. Elbrus; the effects of

conductive thermal overprinting from nearby volcanic centres is therefore not obvious.

In addition to possible conductive thermal effects, there is evidence for a widespread
convective hydrothermal system associated with magmatism in the central western Greater
Caucasus [Polyak et al., 2011]. Masurenkov et al. [2009] studied a network of carbonate-rich
mineral water springs around the Elbrus intrusion and identified a large (90-110 km) thermal
anomaly associated with it. Spring water temperatures are relatively low (17-22°C)
[Masurenkov et al., 2009; Polyak et al., 2009], although these temperatures will have been

elevated during initial emplacement [Gazis et al., 1996; Gurbanov et al., 2008].

Resultant heat flow patterns in the western Greater Caucasus are rather poorly constrained.
Nevertheless, Polyak et al. [2000] documented a heterogeneous pattern with up to a two-
fold increase in heat flow above background around the volcanic centres of Mt. Elbrus and
Mt. Kazbek. Increasing the present-day geothermal gradient to 60°C km™ in our inverse
model results in the suppression of exhumation rates to a degree that those in the Mt.
Elbrus — Mt. Kazbek region are similar to those farther west in our standard model where a
present-day geothermal gradient of 38°C km™ was used (cf. the eastern portion of Figure
11c with the western portion of Figure 10a). A scenario with an eastward increase in
geothermal gradient by ~50% could, therefore, adequately explain the modelled apparent

exhumation pattern in the western Greater Caucasus.

7 Independent Erosion Rate and Uplift Data
In this section, we examine present-day erosional and uplift proxies in the western Greater

Caucasus. We do this to test whether they mirror the lateral variations evident in the
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thermochronometric dataset. Given the uncertainties over the transient thermal effects of
magmatism highlighted above, such similarities would help validate the primary geodynamic

signal of the thermochronometric data.

7.1 Cosmogenic Isotope Data
Vincent et al. [2011] reported the °Be cosmogenic nuclide analysis of river sand from the
upper reaches of the Inguri River catchment. This indicated average catchment-wide erosion
of ~60 cm over the last ~544 yrs. Although there are difficulties in extrapolating cosmogenic
erosion rates to geological timescales, this equates to a rate (~1.120.3 km Ma™) similar to
that obtained from the AFT analysis of a bedrock sample located farther to the east in the
headwaters of the Tskhenis River by Vincent et al. [2011] (~0.9 km Ma™) (Figure 5c). This
independent methodology thus adds weight to the finding that high rates of exhumation
have occurred in the south-eastern sector of the western Greater Caucasus in west Georgia

since at least the Pleistocene.

7.2 River Sediment Fluxes
Present-day erosion rates for specific catchments in the north-western, south-western and
south-eastern sectors of the western Greater Caucasus were calculated by Vezzoli et al.
[2014]. They increase south- and east-wards (Table 4; Figure 12). Here, we calculate modern
erosion rates for the Baksan catchment, in the north-eastern sector of the range, for which
estimates of total river load are also available [Petrakov et al., 2007; Seinova et al., 2011].
The drainage basin is characterized by catastrophic glacial debris flows with high sediment

load, triggered by extreme rainfall events (e.g. on 19" July 1983, 83 simultaneous debris
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flows were formed). The Baksan total average river load is 4.825 + 2.180 x 10° ton a*. To
derive the average erosion rate, this value is divided by the drainage area (6800 km?) and
the density of the material eroded [Ahnert, 1970; Hay, 1998; Hinderer et al., 2013]. A
density value of p = 2.70 + 0.03 g cm™ is assumed in our calculations using the same
methodology as Vezzoli et al. [2014]. Results indicate that the Baksan catchment has an
average erosion rate of 0.26 +0.12 mm a™*, comparable to that of the Inguri and Rioni rivers

to the south (Table 4).

Mean daily runoff decreases from 55.9 I/s-km? in the Mzimta basin to 40.6 - 31.6 I/s-km? in
the Inguri and Rioni catchments respectively, to less than 20 I/s-km? in the Baksan
catchment [Jaoshvili, 2002; Rets et al., 2018]. In the Kuban Basin it is 7 |/s-km? (Mikhailov,
2004). These data run contrary to the general relationship between orographic precipitation
and sediment yield and suggest that, regionally, precipitation rate is not the main factor
controlling erosion rates. This conclusion was also reached by Vezzoli et al. [2014] and Forte
et al. [2016]. Instead, it points to: (1) an eastward increase in rock uplift along the south
flank of the range; (2) high rates of rock uplift to the east of Mt. Elbrus in both the north-
eastern and south-eastern sectors of the range, and; (3) relatively low rock uplift rates in its
north-western sector. This closely mirrors the pattern in model 2 of Vincent et al. [2011]
(Figure 7) and, within the limits of the thermochronometric coverage, the pattern derived
from sector-averaged AFT-derived exhumation rates (Table 4) and this study’s inverse

thermal modelling (Figure 10a).

7.3 Geomorphic Markers of Uplift

Bedrock rivers are sensitive markers of tectonics and climate through their network

geometry, channel slope and discharge [e.g.Castelltort et al.,, 2012; Kirby and Whipple,
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2012; Whipple, 2009]. In particular, the planform and long profile of rivers have long been
used to infer tectonic processes in active mountain belts [e.g.Whipple, 2004; Whipple and

Meade, 2006; Wobus et al., 2006].

In this study, the geomorphic characteristics of all the main rivers draining the western
Greater Caucasus were delineated in TopoToolbox, a set of MATLAB functions that support
the analysis of relief and flow pathways in digital elevation models [DEM; Schwanghart and
Scherler, 2014]. Analysis of the longitudinal profile of bedrock channels, with the calculation
of the channel steepness index (ks; e.g. Whipple, 2004), was carried out on a 30 m-
resolution DEM provided by Shuttle Radar Topography Mission Global (SRTM GL1;
https://opentopography.org). The channel steepness index, calculated from the power-law
relationship S = ksA™ between the local channel slope S and the contributing drainage area A
[a proxy for discharge; Hack, 1957; Flint, 1974], is relatively sensitive to differences in rock
uplift rate, climate or substrate lithology and thus represents a useful metric for tectonic
geomorphic studies [e.g., Kirby and Whipple, 2001; Wobus et al., 2006]. A fixed reference
concavity (0 ref = 0.45) was used to facilitate comparison among channel slopes with widely
varying drainage areas and concavities [Snyder et al., 2000; Whipple, 2004; Wobus et al.,
2006; Norton and Schlunegger, 2011]. Figure 12 shows the normalized channel steepness
index (ksn) for the main rivers of the western Greater Caucasus and the average ks

calculated for the four sectors of the western Greater Caucasus.

Previous studies by Vezzoli et al. [2014] and Forte et al. [2016] on the tectonic
geomorphology of the western Greater Caucasus highlighted the close correspondence of
the highest ks, values with the highest elevations near the centre of the range (e.g. around

Mt. Elbrus). Neither Vezzoli et al. [2014] or Forte et al. [2016] recognized significant
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lithological or climatic controls on channel steepness. Forte et al. [2016] also highlighted the
apparent disconnect between modern climate, shortening rates and topography. They
related this to either rock uplift caused by slab detachment or delamination, or to a recent

slowing of convergence rates in the western Greater Caucasus.

Rivers draining the northern side of the western Greater Caucasus flow across or obliquely
to the main structures / lithological boundaries and yield increasing ks, values towards the
east (Figure 12). Specifically, from the Mali Laba to Kuban rivers, ks, varies from 100 to ~150.
This increases to ~170 along the Malka and Baksan rivers and to up to ~200 in the upper
reaches of the Urukh and Terek rivers (Figure 12). Averaged normalized bedrock channel ks,
indices increase from 81+11 in the north-western sector of the range to 140+20 in the

north-eastern sector (Figure 12).

Rivers draining the southern side of the range have a complex pattern with a higher
proportion of their courses that flow obliquely or subparallel to its structural trend; this is
particularly the case in their upper reaches (Figure 12). This is consistent with the higher
degree of folding and faulting in Mesozoic strata to the south of the crystalline core of the
range that, in turn, is a result of the inversion of the Greater Caucasus Basin and the
predominantly south-vergent nature of the range (Figure 3). Average normalized bedrock
channel kg, indices are homogeneously high in south-western (120+40) and south-eastern
(137421) sectors of the range and are similar to that in the north-eastern sector (Figure 12).
Maximum K, values were calculated in the Inguri River upstream of its dam site (~230)
where its catchment-wide erosion rate, derived from cosmogenically data, is equivalent to

~1.1 mm a* [Vincent et al., 2011].
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The spatial variation in K, values broadly mirrors the thermochronometric and sediment
flux data (Table 4). This would suggest that any shallow-level magmatically-induced thermal
perturbations have not reset the overall thermochronometric pattern in the western

Greater Caucasus and that this instead reflects variations in exhumation.

8 Discussion

In this section, we examine possible controls for the spatial and temporal variations in
western Greater Caucasus exhumation identified in this study. We then go on to briefly

interpret the cooling history of the eastern Greater Caucasus in the light of these insights.

8.1 Controls on Spatial Variations in Exhumation in the Western Greater Caucasus

8.1.1. Differential Cooling due to Variations in Crustal Shortening
Although poorly constrained by FT data, geologic and geomorphic evidence indicate a
relatively continuous zone of tectonic shortening, uplift and exhumation along the southern
slope of the western Greater Caucasus. This is exemplified by the Racha earthquake, by
geomorphic studies at the outermost thrust front in the Rioni Basin [Tibaldi et al., 20173,
2017b] (Figure 2) and by the presence of growth anticlines with antecedent drainage and
wind gaps north of Suchumi (Figure 13). This is within what has previously been modelled as

stable Eurasia (Figure 4).

The region of high exhumation identified in this and earlier thermochronometric studies
occurs to the north of this, in the crystalline core of the range between Mt. Elbrus and
Mt. Kazbek. Immediately to the west of Mt. Elbrus, AFT data display a marked increase in
cooling age (Figures 5a-b & 6). This indicates an abrupt westward decrease in exhumation

rate (Figure 10a) and confirms exhumation model 2 of Vincent et al. [2011] (Figure 7). A
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kinematic explanation for this decrease in exhumation rate is not obvious for two reasons.
Firstly, along strike GPS-derived velocity data are not currently of sufficient resolution to be
able to determine whether there is a change in the present day velocity field in the vicinity
of Mt. Elbrus (Figure 1). This makes it difficult to attribute the marked change in AFT cooling
ages, modelled exhumation rates and ks, values observed at this position to differences in
surface velocities unless they have recently changed. Similarly, serial balanced cross sections
across the range have yet to be constructed to constrain whether there is a marked
variation in overall shortening at this position. Secondly, even if variations in crustal
shortening were better constrained, it is unclear how this could be partitioned, north of a
zone of likely uniform shortening, within the core of the western Greater Caucasus to
generate the observed lateral variations in exhumation. Given these uncertainties,
alternative controls for the differential exhumation of the crystalline core of the western

Greater Caucasus need to be considered.

8.1.2 Differential Cooling due to Variations in Thermally Induced Rock Uplift

The region of younger AFT cooling ages in the core of the western Greater Caucasus broadly
corresponds with that of Pliocene and younger magmatism. Helium isotope data suggest

that this magmatism is mantle derived [Polyak et al., 2000] (Figures 5d & 6).

Tomographic models typically characterize the Caucasus and Eastern Anatolia as a region
containing a low velocity crust and uppermost mantle lid between the higher velocity
regions of Arabia to the south and the East European Craton to the north [Al-Lazki et al.,
2004; Koulakov et al., 2012; Mutlu and Karabulut, 2011; van der Meer et al., 2018]. In the

Caucasus, this low velocity zone is generally attributed to asthenospheric replacement of
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mantle lithosphere following either delamination or slab break-off [Koulakov et al., 2012;
van der Meer et al., 2018; Zabelina et al.,, 2016; Zor, 2008]. The resolution of these
tomographic models is typically low, although the studies of Zor [2008], Mutlu and
Karabulut [2011], and Koulakov et al. [2012] all highlighted the presence of low velocity
anomalies in the uppermost mantle roughly coincident with the volcanic centres at Mt.
Elbrus and Mt. Kazbek. The microseismic studies of Gorbatikov et al. [2015] and Rogozhin et
al. [2016] and the tomographic study of Zabelina et al. [2016] also identified low velocity

zones in the crust beneath the Elbrus and Kazbek volcanic centres.

Asthenospheric upwelling and magma intrusion is a plausible explanation for the increased
rock uplift and exhumation in the core of the range. This is our preferred control given the

lack of an obvious geodynamic driver; however, a number of issues remain.

Firstly, the lateral extent of magmatism is much more limited than the region of proposed
slab detachment [Mumladze et al., 2015; van der Meer et al., 2018] or delamination [Ershov
et al., 1999]. One possible explanation for the limited lateral distribution, but north-south
extension of magmatism is small-scale toroidal flow around the western edge of the eastern
Greater Caucasus down-going slab, located to the east of Mt. Kazbeg, following western slab

break-off [Mumladze et al., 2015].

Secondly, the rapid decrease in exhumation rates west of Mt. Elbrus does not fit with typical
models of asthenospheric upwelling that affect large areas, having wavelengths of hundreds
of kilometers. Despite this, much shorter wavelength variations in exhumation by the
dynamic support of the lithosphere are possible in areas of highly heterogeneous crust
[Cloetingh et al., 2013]. Kral and Gubanov [1996] related the abrupt change in AFT ages that

they observed to activity on an Elbrus fault system. There is no surface or seismic expression
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of this fault system (Figures 1 & 2) and additional evidence is needed. Nevertheless, an
aseismic transverse basement trend passing through Mt. Elbrus could be the cause of a
localized density-induced exhumation gradient at the western margin of the Elbrus-Kazbek
magmatic zone. If present, this basement trend may form a continuation of the eastern
boundary of the Stavropol High. There is a marked change in crustal affinity across this
boundary with an eastward decrease, into the Terek-Caspian depression, in crystalline
crustal thickness that Kostyuchenko et al. [2004] attributed to a Paleozoic transform fault

(Figure 1).

Lastly, whilst there is undoubtedly a complex thermal heterogeneity to the crust and upper
mantle of the western Greater Caucasus, specific spatial patterns cannot be matched
precisely to the thermochronometric data. For instance, Zabelina et al. [2016] highlighted a
region of low velocity crust beneath Mt. Elbrus that extends at least 100 km to its west-
northwest into the region typified by older AFT cooling ages. Further work is clearly

required.

In is unclear how asthenospheric upwelling, the postulated cause of increased Pliocene
uplift and exhumation in the north-eastern sector of the western Greater Caucasus, will
have affected the region farther south. A young AFT and old ZFT age from metasediments to
the north of the Racha-Lechkumi fault in the south-eastern sector of the range would
suggest that rapid exhumation of the fill of the Greater Caucasus Basin has probably been
on-going since the Pliocene [Vincent et al., 2011] (Figure 8b). However, shortening along the
southern slope of the western Greater Caucasus began in the Eocene, such that either
shortening rates must have increased dramatically in the recent past or exhumation in this

region resulted from a combination of both longer-term tectonic shortening and more
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recent crustal buoyancy. Similar or slightly older AFT cooling ages within the crystalline core
of the north-eastern sector of the western Greater Caucasus indicate that there has not
been significant differential rock uplift across the Main Caucasus Thrust, which divides these
two regions, during the Pliocene [cf. Avdeev and Niemi, 2011] (Figure 8b). This could be
attributed to the effects of asthenospheric upwelling on both regions. One test of this
hypothesis would be if AFT cooling ages within the south-western sector of the western
Greater Caucasus turn out to be systematically older than those farther east; these data are

not currently available.

8.2 Controls on Temporal Variations in Exhumation in the Western Greater Caucasus
This work supports earlier thermochronometric studies in identifying low to moderate rates
of punctuated Oligo-Miocene exhumation in the western Greater Caucasus. It also confirms
the Pliocene increase in exhumation reported by Avdeev and Niemi [2011] between Mt.
Elbrus and Mt. Kazbek, and identifies a lower magnitude increase in exhumation farther

west that may have begun earlier, in the Late Miocene.

The timing of cooling events in the western Greater Caucasus do not imply causation and,
therefore, the findings of this study cannot be used as definitive support for either an
Eocene-Oligocene transition or Pliocene age for Greater Caucasus Basin closure.
Consequently, Oligo-Miocene cooling in the crystalline core of the range could reflect uplift
and exhumation of the (former) northern flank of the western Greater Caucasus Basin
following its closure [Vincent et al., 2016, 2011] or, conceivably, active subduction of a much
wider oceanic basin beneath this margin [Cowgill et al., 2016]. Insight into which scenario is

more likely will rely on the integration of multiple lines of complementary evidence.
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Evidence in support of both models have been presented elsewhere [Cowgill et al., 2018,

2016; Vincent et al., 2016, 2018] and is not repeated here.

The Late Miocene and / or Pliocene increase in cooling in the western Greater Caucasus is
broadly coincident with a widespread reorganization of the Arabia-Eurasia collision zone.
This was first noted by Axen et al. [2001] and Allen et al. [2004] and estimated to begin at c.
542 Ma. Subsequent studies are beginning to establish a longer, c. 12-4 Ma, interval of
reorganization and/or increased exhumation, largely from observations in the Zagros [e.g.
Barber et al., 2018; Gavillot et al., 2010; Mouthereau, 2011], Alborz [e.g. Guest et al., 2006;
Rezaeian et al., 2012] and Talesh [Madanipour et al., 2017]. The precise cause of this
reorganization is unclear. Models include final Arabia-Eurasia suturing [i.e. ‘hard collision’;
Axen et al., 2001; Barber et al., 2018], which could include Greater Caucasus Basin closure, a
switch from a free to constrained eastern margin of the collision zone [Allen et al., 2011],
Neotethyan slab-break off [Agard et al., 2011; Keskin, 2003] or the initiation of Anatolian
extrusion [Westaway, 1994]. Given the size and complexity of the region and the
diachronous nature of events, it is likely that a number of potentially interlinked processes

will have been responsible.

With regard to the increased Late Miocene to Pliocene cooling rates observed in the core of
the western Greater Caucasus, asthenospheric upwelling, potentially due to slab break off
[Mumladze et al., 2015; van der Meer et al., 2018], is our preferred explanation. This could
generate the observed magmatism and additional dynamic uplift, and thus exhumation
above regional compressional-related rates, although as pointed out earlier this would
require crustal heterogeneities to modulate the wavelength of these processes. A 20-25 Ma

delay between continental collision and slab break off [van Hunen and Allen, 2011], would
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make this process compatible with Greater Caucasus Basin closure around the Eocene-

Oligocene transition.

8.3 Implications of Thermochronometric Data from the Eastern Greater Caucasus

Two PhD studies on the eastern Greater Caucasus of central Azerbaijan incorporated
thermochronometric analyses [Avdeev, 2011; Bochud, 2017] (Figure 1). These provide

additional insights into the timing of exhumation in the range as a whole.

Avdeev [2011] performed three AFT analyses with resultant central ages ranging between
88-14 Ma. Seven of his eight AHe analyses yielded much younger average ages (4.0-1.7 Ma),
although it is not possible to determine the validity of the grain averaging process because
of a lack of reported dispersion and grain size data. The thermal histories of three samples
were modelled, two from Early to Middle Jurassic sediments from the northern flank of the
eastern Greater Caucasus and one from Paleocene-Eocene volcaniclastic sediments from its

southern flank. They all show an increase in cooling around 6-5 Ma.

Bochud [2017] carried out seven AFT analyses on Aalenian sandstones from the central and
northern parts of the eastern Greater Caucasus. Central ages ranged between 90-13 Ma.
Four samples contained sufficient track lengths for modelling and indicate that initial
exhumation began around 28-20 Ma (~0.12 km Ma™) and accelerated between 9-5 Ma

(~0.38-0.53 km Ma™), peaking in one instance at ~1.91 km Ma™ between 3-2 Ma.

These cooling histories share some similarities to those farther west within the core of the
western Greater Caucasus, although it should be borne in mind that these studies are rather
distant from (>375 km), and in different present-day geodynamic regimes (Figure 1) to, each

other. Caution should therefore be exercised to avoid over emphasis of the significance of
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these data. Nevertheless, it is plausible that the acceleration in cooling rates documented in
the eastern Greater Caucasus is a response to wider Arabia-Eurasia reorganization and,
when data become available, will mirror cooling histories from the southern slope of the
western Greater Caucasus. Subtle evidence for this increase in cooling is also present in the
north-western sector of the western Greater Caucasus (at c. 10-8 Ma), but have been
overprinted in the north-eastern sector by the slightly younger (c. 5 Ma) buoyancy effects of

mantle upwelling.

9 Conclusions

The thermochronometric analysis of 21 samples from the crystalline core of the western
Greater Caucasus supports earlier work in highlighting a marked lateral change in Cenozoic
cooling rates around the position of Mt. Elbrus, the westernmost volcanic centre in the
range. The average AFT age of the crystalline basement of the range to the west of Mt.
Elbrus is 32.5 Ma, whilst to the east it is 6.3 Ma. Assuming an average geothermal gradient
of 40°C km™, AFT cooling ages as young as 2.4 Ma indicate that exhumation rates in excess
of 1 km Ma™ occurred locally to the east of Mt. Elbrus. ZFT analysis record Mesozoic and
Late Palaeozoic cooling ages from the same region that, with the same geothermal gradient,
necessitates less than 5 km of overall exhumation and implies that the current rates of
exhumation cannot have begun more than c. 5-7 Myrs ago. This is reflected in the inverse
modelling of the compiled thermochronometric data that highlights a region of rapid
exhumation between Mt. Elbrus and Mt. Kazbek during the Pliocene. An increase in
exhumation also occurred to the west of this region, but at approximately less than half the
rate. Thermal modelling of individual samples in the western Greater Caucasus suggest that

this increase in cooling rate may have initiated slightly earlier in the west of the region (at c.
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10-8 Ma) than in the east (at c. 5 Ma). GPS-derived velocity records of the southern slope of
the western Greater Caucasus indicate that shortening rates do not vary on either side
Mt. Elbrus, casting doubt on whether tectonic shortening, uplift and exhumation are the

drivers of the observed variations in cooling rates.

The region with young low temperature thermochronometric cooling ages between Mt.
Elbrus and Mt. Kazbek coincides with that of active Caucasian mantle-sourced Late Miocene
and younger magmatism. However, normalized channel-steepness indices, sediment flux
and depositional rate evidence mirror the AFT data and indicate that the fission track ages

reflect exhumation-driven cooling rather than simply thermal relaxation or overprinting.

Magmatism in the western Greater Caucasus may have been triggered by the
asthenospheric replacement of lithospheric mantle due to upwelling. The buoyancy effects
of this low-density material is capable of causing the magnitude of exhumation and cooling

recorded in the fission track data.

Uplift patterns generated by thermally-induced dynamic uplift typically occur over
wavelengths of several 100 km, suggesting that if this is the case here, important basement
structures must have been active to effectively partition this uplift over shorter
wavelengths. These heterogeneities may be related to the same structures responsible for
the Stavropol High to the north of the Caucasus. However, further research is required.
Given the heterogeneous nature of most continental lithosphere, our model of mantle-
supported uplift with differential exhumation controlled by crustal structure may well be

applicable to other mountain belts worldwide.
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Sample No Position (derived from) Location Lithology Age Approx. Analyses
(U-Pb; altitude
Ma) (m)
Latitude (N) Longitude (E)
MS_002_1 43.322625 42.7748305 Baksan R Gneiss 1585 AFT
MS_002_24 43.3559305 42.7348388 Kyrtyk R Orthogneiss 2160 AFT
MS_002_50 43.7195705 40.8393646 Bolshaya Laba R Eclogite 1125 AFT,
(~43.705803)  (~40.829514) (boulder) 1135 AHe
MS_002_51 43.7197326 40.8391322 Bolshaya LabaR  Gneissic 1130 AFT,
(~43.705804)  (~40.829515) aplite dike 1135 AHe
(boulder)
MS_003_29 43.4465277 41.4786972 Aksaut R Migmatite 1700 AFT
leucosome
MS_004_3 43.3507277 42.8323138 Mukulan Metagranite 3058 2280 AFT, ZFT
stream, Baksan
basin
MS_004_4 43.2665472 42.4367138 Baksan R Orthogneiss 2880 AFT
MS_004_42c 43.4843916 41.2368583 Sophia R Metagranite 2005 AFT
MS_008_1 43.3263777 42.8323138 Baksan R Metagranite 1880 AFT
MS_011_1 43.3561916 42.7346972 Kyrtyk R Amphibolite  425+9 2170 AFT
MS_015_1 43.2665444 42.4777583 Baksan R Orthogneiss 2380 AFT, ZFT
MS_029_1 43.3559305 42.7348388 Kyrtyk R Mica schist 2160 AFT
MS_040_1 43.7701916 40.8580694 Bolshaya LabaR  Orthogneiss 385+10 1050 AFT,
AHe
MS_047_1 43.9333361 40.8592722 Bolshaya LabaR  Orthogneiss 388+10 1300 AFT
MS_078_1 43.4608306 41.1649833 Psysh R Orthogneiss 1690 AFT
(~43.397709)  (~41.18801) (boulder) 2230
MS_092_1 43.1060000 43.1327900 Ulluchiran Orthogneiss 2190 AFT, ZFT
(~43.10027)  (~43.13141)  glacier (colluvial 2385
block)
MS_093_1 43.1072833 43.1310027 Ulluchiran Orthogneiss 2200 AFT, ZFT
(~43.12000) (~43.10551) glacier (colluvial 3730
block)
MS_098_1 43.1135400 43.1428000 Ulluchiran Orthogneiss 2090 AFT
(~43.11144) (~43.13623) glacier (colluvial 2220
block)
MS_146_1 43.6336055 40.7956972 Damkhurts R Amphibolite 454110 1985 AFT,
AHe
WC147/2 43.7039 40.2706 Laura R Gneiss 585 AHe
(~43.74713)  (~40.35187) (boulder) 1455

Table 1. Details of the thermochronometric samples analysed in this study. Sample positions

in parenthesis are the locations from which colluvial / fluvial boulder samples are thought to

have been derived. These positions are plotted on all maps and graphs.
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Track densities are (x106 tr cm’z)

Sample No Analysis  No of Dosimeter Spontaneous Induced Age dispersion Central age Mean track SD No of
crystals pd Nd ps Ns pi Ni sz RE% (Mazlo) length (um) tracks

MS_002_1 AFT 30 1.010 5599 0.019 43 1.069 2278 96.7 0.1 3.210.5 13.63+0.25 035 2
MS_002_24  AFT 30 1.010 5599 0.010 32 0.093 2155 17.8 58.1 2.41+0.5
MS_002_50 AFT 20 1.010 5599 0.265 527 0.934 1858 659 04 48.2+2.5 13.98+0.19 1.29 43
MS_002_51  AFT 16 1.010 5599 0.307 306 2.124 2118 83.6 0.2 24.6%1.5 12.43+0.59 158 7
MS_003_29 AFT 20 1.010 5599 0.629 300 4.776 2312 8.1 16.3 22.311.6 12.95+0.53 2.62 24
MS_004_3 AFT 30 1.010 5599 0.022 45 2.642 5599 249 458 1.4+0.2
MS_004_4 AFT 20 1.010 5599 0.151 167 3.520 4127 23.6 181 7.01£0.6
MS_004_42c AFT 16 1.010 5599 0.138 89 1.265 828 319 163 18.2+2.2
MS_008_1 AFT 30 1.010 5599 0.031 35 6.538 734 983 0.0 8.1+1.4
MS_011_1 AFT 30 1.010 5599 0.023 31 1.439 2095 11.2 3.8 2.51+0.5
MS_015_1 AFT 26 1.010 5599 0.036 40 1.319 1444 954 0.1 4.7+0.8
MS_029_1 AFT 20 1.010 5599 0.054 66 1.250 1619 369 175 7.0£0.9
MS_040_1 AFT 19 1.010 5599 0.079 58 0.300 214 99.2 0.0 46.1+6.9
MS_043_1 AFT 1.010 5599 Low uppm bad mica
MS_047_1 AFT 20 1.010 5599 1.415 159 8.165 988 41.8 7.7 27.617.7 11.84+0.36 232 11
MS_078_1 AFT 25 1.010 5599 0.135 96 2.927 2116 36.5 13.2 7.7+0.8 13.22+0.29 1.65 33
MS_092_1 AFT 20 1.010 5599 0.142 136 6.175 5962 679 2.0 3.910.3 12.71+0.37 2.05 30
MS_093_1 AFT 20 1.010 5599 0.096 75 5.578 4234 98.8 0.0 3.0+0.4
MS_098_1 AFT 20 1.010 5599 0.154 224 3.432 5130 85.8 0.1 7.410.5 13.81+1.02 1.76 3
MS_146_1 AFT 11 1.010 5599 0.004 30 0.245 194 88.9 0.0 26.315.2
MS_004_3 ZFT 14 0.547 3794 2.817 88 5.856 1849 10.6 26.0 1.7+0.2
MS_015_1 ZFT 6 0.547 3794 2.184 220 3.110 327 10.0 10.1 231.6%+17.2
MS_092_1 ZFT 11 0.547 3794 20.59 2674 5.814 771 0.07 18.1 120.3+8.4
MS_093_1 ZFT 14 0.547 3794 23.04 2005 6.786 587 285 2.6 117.616.0

1210

1211 Analyses by external detector method using 0.5 for the 4wt/27t geometry correction factor;

1212 Ages calculated using dosimeter glass CN-5; (apatite) Tcns =339+5; calibrated by multiple analyses of IUGS apatite and

1213 zircon age standards (see Hurford 1990);

1214 Py’ is probability for obtaining % value for v degrees of freedom, where v = no. crystals - 1;

1215 Central age is a modal age, weighted for different precisions of individual crystals (see Galbraith & Laslett, 1993)

1216

1217  Table 2. Apatite and zircon fission track results.
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Sample No. *He U Th Sm Th/U Grain Grain R* Fr Raw  Corrected Error [eU]
(ncc) (ppm) (ppm) (ppm) ratio Length width  (pum) Age Age (Ma) (x1o)
(atomic) (um) (um) (Ma)
MS_002_50A 0.183 12.1 99.0 1418.2 0.13 85 68 36.4 0.59 14.2 24.0 1.68 101.8
MS_002_508B 0.185 25.6 86.3 1366.4 0.30 99 62 354 0.58 16.2 28.1 1.96 92.4
MS_002_50D 0.594 13.4 143.5 1048.2 0.10 142 79 46.4 0.68 14.6 21.5 1.51 146.7
MS_002_50E 0.623 11.7 137.3 1548.0 0.09 116 85 46.7 0.68 16.6 24.4 1.71 140.1
Mean (s.d.) 15.4 245(2.7)
(1.2)
MS_002_51A 0.09 20.0 27.0 1087.0 0.76 128 77 444 0.62 10.0 15.1 1.06 31.7
MS_002_51B 0.28 85.2 43.8 138.9 1.99 141 79 46.3 0.67 16.5 24.8 1.73 63.9
MS_002_51C 0.11 2.1 36.8 103.6 0.06 156 83 49.2 0.70 9.1 13.0 0.91 37.3
MS_040_1a 0.004 1.7 0.9 3.5 1.86 131 97 53.1 0.71 8.2 11.6 0.81 1.3
MS_040_1b 0.010 0.4 0.8 2.0 0.56 161 146 75.3 0.80 10.1 12.6 0.88 0.9
MS_040_1c 0.007 0.2 0.2 2.0 1.05 204 196 99.3 0.85 11.6 13.7 0.96 0.2
Mean (s.d.) 10.0 12.6(1.1)
(1.7)
MS_146_1A 0.012 8.2 5.0 52.5 1.70 194 92 55.8 0.72 3.4 4.7 0.33 6.9
MS_146_1C 0.014 1.2 5.3 61.7 0.24 141 118 62.4 0.76 4.0 53 0.37 5.6
MS_146_1D 0.017 1.0 5.5 45.2 0.19 164 115 63.9 0.77 4.4 5.8 0.40 5.7
MS_146_1E 0.020 0.9 5.8 65.0 0.16 146 121 642 0.77 4.9 6.3 0.44 6.1
MS_146_1F 0.007 1.5 3.4 52.9 0.45 172 91 540 0.72 4.3 5.9 0.42 3.7
Mean (s.d) 4.2 5.6 (0.6)
(0.5)
WC147_2A 0.271 14.6 60.6 60.9 0.25 171 86 51.5 0.71 11.0 15.5 1.09 64.1
WC147_28B 0.329 20.9 65.0 81.8 0.33 155 86 50.5 0.70 135 19.2 1.34 69.9
WC147_2C 0.314 22.0 110.2 112.3 0.20 125 74 42.8 0.65 13.1 20.1 1.41 115.3
WC147_2D 0.223 51.8 107.6 599.4 0.49 136 78 455 0.67 7.3 10.9 0.76 119.8
WC147_2E 0.197 11.3 105.5 103.5 0.11 122 74 42,6 0.65 9.0 13.8 0.97 108.2
WC147_2G 0.205 24.6 110.7 120.6 0.23 132 70 415 0.64 9.0 14.0 0.98 116.4
WC147_2H 0.160 7.0 52.3 65.5 0.14 135 77 449 0.67 12.2 18.3 1.28 53.9
1218

1219 Table 3. Apatite (U-Th)/He dating results. Replicates are omitted that outgassed strangely or

1220  where grains or packets were lost during retrieval from the helium line and placing in vials

1221 for dissolution. Average ages are only shown where samples have similar radius and eU

1222  values and show < 20% age dispersion. Raw ages are used in the modelling and are cited in

1223  the text. R* = spherical equivalent radius calculated as R* = (3 * (RL))/(2 * (R + L)), where R

1224  =W/2.
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Average sector AFT
cooling age (Ma) [this
study; Avdeev and
Niemi, 2011; Kral and
Gurbanov, 1996;
Vincent et al., 2011]

Average sector
exhumation rate
(mm a™) assuming a
40°C km™
geothermal gradient
[this study; Avdeev
and Niemi, 2011;
Kral and Gurbanov,
1996; Vincent et al.,
2011]

Average erosion rate
from modern
catchments (mm a™)
[this study; Vezzoli et
al., 2014]

Average
normalized
bedrock channel
channel-steepness
index (ksn) (this
study)

NW 32.5 (n=37) 0.10(1) Kuban: 0.05+0.02 (1) | 81+11 (1)

NE 6.3 (n=35) 0.45 (4.5) Baksan: 140420 (1.7)
0.26+0.12(4.9)

SwW - - Mzimta: 0.16+0.08 120440 (1.5)
(2.9)

SE 2.5 (n=1) 0.90 (9.0) Inguri & Rioni: 137421 (1.7)

0.26+0.09 (4.9)

Table 4. Average exhumation and uplift proxies for the four sectors of the western Greater

Caucasus as delineated in Figures 2 and 12. Values normalized to the north-western sector

are shown in parentheses. Named rivers are highlighted on Figure 12.

Figure 1. Shaded relief DEM of the Arabia-Eurasia collision zone showing selected GPS-

constrained motions relative to stable Eurasia, the occurrence of instrumentally recorded

earthquakes (M 2> 4.5) and a selected number of their focal mechanisms. The grey box

locates the study area, the red boxes the sampling sites of Avdeev [2011] and Bochud

[2017]. The white lines are Neo-Tethyan sutures and the black line is a transect along which

strike parallel data are located as presented in Figure 6. The GPS motions are coloured

according to geologic position and are taken from Reilinger et al. [2006], Karakhanyan et al.
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[2013] and Sokhadze et al. [2018]. The focal mechanisms are from Copley and Jackson
[2006]. The seismicity record is taken from the US National Earthquake Information Center
catalogue (1973-June 2009), the Centennial Earthquake Catalog [Engdahl and Villasefior,
2002] and Jackson (2014, pers. comm.). The crystalline crustal thickness north of the

Caucasus is adapted from Saintot et al. [2006b] [after Kostyuchenko et al., 2004].

Figure 2. Simplified geological map of the western Greater Caucasus based on Soviet and
Russian 1:500,000 and 1:200,000 geological maps draped on a hillshaded DEM. All
thermochronometric sample positions are shown, with those new to this study labelled. The
rivers analysed in this study are also labelled. The dashed blue lines form the outlines of the
four sectors of the range described in the text. Additional data on the Miocene and younger
magmatic centers are given in Table S1. The Racha earthquake focal mechanism is from
Triep et al. [1995]. Note that the position of the Main Caucasus Thrust, at the southern
margin of the crystalline core of the range, as defined by the likes of Dotduyev [1986],

Mosar et al. [2010] and Somin et al. [2011], differs from that of Sokhadze et al. [2018].

Figure 3. Schematic cross section through the western Greater Caucasus between Mt. Elbrus
and Mt. Kazbek (see Figure 2 for location). The cross section is adapted from Vincent et al.
[2018] and based upon the surface geology of Dzhanelidze and Kandelaki [1955], Melnikov
and Popova [1966] and Somin [2000]. With the exception of the plane defined by Racha
earthquake aftershocks [Fuenzalida et al., 1997], geological structures at depth are highly
speculative and are influenced by the interpretations of Dotduyev [1986], Triep et al. [1995]

and Banks et al. [1997].

Figure 4. Shaded relief DEM of the Arabia-Eurasia collision zone showing the main plate

boundaries and their interactions as proposed by Reilinger et al. (2006). Double white lines
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are extensional plate boundaries, plain lines are strike-slip boundaries and lines with
triangular tick marks are compressional (thrust) boundaries. Dark numbers are GPS-derived
slip rates (mm a™) on block bounding faults (those in parenthesis are strike slip). White
arrows and figures are GPS-derived plate velocities (mm a™) relative to Eurasia. Curved
arrows show the sense of block rotations relative to Eurasia. Note that the study area
(highlighted in the white box) is considered to form part of stable Eurasia at the present day.
The main folds (blue) and faults (red) in the region are also shown and are extended from
Allen et al. [2003]. The Elbrus and Kazbek volcanic centres are shown as yellow stars.
Abbreviations: AS - Apsheron sill; AT - Adjara-Trialet belt; EBS - Eastern Black Sea; EGC —
eastern Greater Caucasus; PT - Pontides; SCB - South Caspian Basin; T - Talysh; TA - Taurides-

Anatolides; TC - Transcaucasus; WBS - Western Black Sea; WGC — western Greater Caucasus.

Figure 5. Simplified geological map of the western Greater Caucasus (see Figure 2 for a more
legible version of the text) with various data overlays. Note that in parts a-c
thermochronometric sample sizes symbolize a relative measure of exhumation rate as they
are inversely proportional to their cooling age (i.e. the younger the cooling age the larger
the symbol). (a) AFT and cosmogenic nuclide (with associated catchment area) results from
previous studies. The cosmogenic nuclide sample size is based on a conversion of erosion
rate to equivalent AFT cooling age. (b) AFT and AHe results from this study. Given the lower
closure temperature of the AHe system, the exhumation rate implications of these two data
sets are not equivalent. (c) ZFT analysis results from this and previous studies. Note the
different symbol scale. (d) *He/*He isotopic values of subsurface fluids from Polyak et al.
[2009; 2011; 2000] and sources therein and the location of Middle Miocene and younger
volcanic centers. Note the marked decrease in AFT ages to the east of Mt. Elbrus in all the FT

data sets and the broad coincidence of young AFT ages with the volcanic centres and high
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concentrations of mantle-derived helium. The anomalously young cooling ages of sample
MS_004_03 (this study) and sample 228C [Kral and Gurbanov, 1996] are omitted from these

plots (see Figure 6).

Figure 6. Plot of thermochronometric cooling ages and subsurface fluid *He/*He values
versus western Greater Caucasus strike-parallel distance (N110E). Note the increase in AFT
ages and decrease in He values (away from its MORB value) to the west of Mt. Elbrus. The
ages of the samples with the youngest AFT and ZFT ages in this study and the youngest AFT
age in the study of Kral and Gurbanov [1996] should be treated with caution as they may
have undergone thermal overprinting of their exhumation ages due to the emplacement of

nearby magmatic bodies.

Figure 7. Alternative models for zones of possible rapid Pliocene uplift within the western
Greater Caucasus as proposed by Vincent et al. [2011]. The findings of this study are

consistent with model 2. See Figure 2 for more details of the background geological map.

Figure 8. Plot of thermochronometric cooling age versus western Greater Caucasus strike-
perpendicular distance (NO20E) relative to the Main Caucasus Thrust west (a) and east (b) of
Mt. Elbrus. Note the increase in fission track ages in the footwall of the Racha-Lechkumi
fault and the similarity in ages on either side of the Main Caucasus Thrust to the east of Mt.
Elbrus. The ages of the samples with the youngest AFT and ZFT ages in this study and the
youngest AFT age in the study of Kral and Gurbanov [1996] should be treated with caution
as they may have undergone thermal overprinting of their exhumation ages due to the

emplacement of nearby magmatic bodies.

Figure 9. Selected best-fit thermal models for AFT samples from the north-western sector of

the western Greater Caucasus. These were modelled using QTQt [Gallagher, 2012] where

61



1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

1319

1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

Vincent et al.

1000 good thermal paths were obtained. Sample locations are shown on Figure 2. The blue
line corresponds to the most probable thermal history and the purple lines encompass the
20 confidence limits. The AFT data for sample WC147/2 were taken from Vincent et al.

[2011].

Figure 10. Exhumation rate history of the western Greater Caucasus inferred from the linear
inversion of thermochronometric data. Data points are marked as black dots. The
exhumation rate outputs (left hand views) are cropped to 800 m asl. The resolution values
(right hand outputs) give a guide to the confidence of the exhumation rate model time
interval, where 1 is when the data constrain the exhumation rate independently of the prior
rate and rates in other time steps. The beginning of successive time intervals are defined by
the (a) base Oligocene / Maykop, (b) base Miocene, (c) top Maykop, (d) base late Sarmatian,
(e) base Pliocene. The Maykop and Sarmatian terms are Eastern Paratethyan stage names
adopted regionally because of the semi-isolation of the Black Sea / Greater Caucasus region
from the global ocean from the Oligocene onwards [see Jones and Simmons, 1997]. The age
of the top of the Paratethyan Maykop stage is defined by Palcu et al. [2019]; other ages are
from Gradstein et al. [2012]. Input parameters are as stated in the text. Note (1) the discrete
region of rapid exhumation between Mt. Elbrus and Mt. Kazbek during the 5.33-0 Ma time
interval, and (2) the suppressed exhumation rates in broadly the same region during the
preceding time interval as a consequence of the modelling procedure (cf. Figure 11b, and

the text for details).

Figure 11. Alternative exhumation rate maps of the linear inversion of thermochronometric
data from the western Greater Caucasus to illustrate specific scenarios. (a-b) The

recalculation of the last two steps of the linear inversion model with Pliocene and younger
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thermochronometric cooling ages excluded. This scenario is an end-member example
assuming all Pliocene and younger cooling is a result of magmatic rather than exhumational
cooling. (c) The Pliocene to present day interval with an enhanced present day geothermal
gradient of 60°C. Note how this suppresses the exhumation rates in the Mt. Elbrus to Mt.
Kazbek region to values similar to those farther to the west when a 38°C present day
geothermal gradient is used (Figure 10a). Further input parameters are as stated in the text.

Additional information are given in the caption to Figure 10.

Figure 12. Map of normalized channel-steepness indices for rivers draining the western
Greater Caucasus. The dashed lines show the extent of the four sectors discussed in the text
and their average ks, values. The names of rivers with erosion rate data (Table 4) are
highlighted in yellow. The box shows the locations of active structures around Suchumi

(Figure 13). See Figure 2 for the key to the colour version of the background geological map.

Figure 13. False colour Landsat 7 image of the interaction of drainage systems and active
structures in the Suchumi region of Abkhazia. Note the drainage deflection around the
western tip of the northernmost pericline and the wind gaps due to channel abandonment

in the southern two periclines. See Figure 12 for location.
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