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[1] Constraining the timing of onset and rates of deformation within the Greater Caucasus
mountains is key to understanding their role in accommodating deformation across
the Arabia‐Eurasia orogen. We present new low‐temperature thermochronometric
constraints on the Cenozoic thermal evolution of the central Greater Caucasus that
elucidate a three‐phase cooling history. Between 50 and 30 Ma, cooling within the
range was negligible. In Oligocene time, cooling rates throughout the range increased to
∼4°C/Myr. These rates remained constant until the early Pliocene time, when they
increased again, reaching ∼25°C/Myr along the axial part of the range. Rates and timing of
Oligocene exhumation are consistent with previous results from the western Greater
Caucasus and are proposed to result from onset of subduction of the Greater Caucasus
back‐arc basin. Rapid exhumation of the Greater Caucasus, beginning in Pliocene time,
contrasts with previously reported thermal histories for other portions of the range.
Pliocene exhumation of the central Greater Caucasus appears to be tectonically driven
and coincides with widespread evidence for a major reorganization of the Arabia‐Eurasia
plate boundary. We hypothesize that this exhumation, and regionally observed plate
reorganization, results from the collision of the Lesser Caucasus with Eurasia, completing
the subduction of oceanic lithosphere across this segment of the Arabia‐Eurasia plate
boundary.
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1. Introduction

[2] Deformation associated with the Arabia‐Eurasia col-
lision zone covers much of southwestern Eurasia (Figure 1),
and spans nearly all of Cenozoic time [e.g., Nikishin et al.,
2001]. Despite a wealth of stratigraphic, erosional, and
structural constraints on the timing of local deformation
throughout the orogen, there is no clear consensus on how
this localized deformation relates to the onset of Arabia‐
Eurasia continental collision, with estimates as diverse as
Late Cretaceous [Stocklin, 1974; Alavi, 1994], Eocene
[Hempton , 1987; Jassim and Goff , 2006; Allen and
Armstrong, 2008], Oligocene–early Miocene [Yilmaz, 1993;
Vincent et al., 2007; Robertson, 2000; Fakhari et al., 2008],
middle Miocene [Dewey et al., 1986; Şengör and Kidd, 1979;
McQuarrie et al., 2003], and late Miocene–early Pliocene
[Zonenshain and Le Pichon, 1986; Philip et al., 1989; Khain,
1994] having been proposed. In part, this uncertainty results
from the spatial and temporal complexities in the evolution of
the collision zone. The Arabia‐Eurasia collision is not com-
posed of a single suture, but is a mosaic of island arcs and
microcontinents whose assembly along the complex paleo-

geographic margin of Neotethys [e.g., Golonka, 2004] is
marked by numerous collisional events. Furthermore, final
continent‐continent collision is still incomplete along the
Caspian segment of the collision zone, where oceanic, or
thinned continental, crust of the south Caspian Basin con-
tinues to subduct northward under the northern Caspian Sea
[Jackson et al., 2002].
[3] Reorganization of the Arabia‐Eurasia plate boundary

at ∼5 Ma is both more widely accepted and more accurately
temporally constrained than estimates of the onset of Arabia‐
Eurasia collision [Wells, 1969; Westaway, 1994; Axen et al.,
2001; Allen et al., 2004; Copley and Jackson, 2006]. Evi-
dence for plate boundary reorganization includes rapid
exhumation of the Alborz [Axen et al., 2001], comparison of
fault slip rates with total offsets, which suggests Pliocene
initiation of many active faults [Allen et al., 2004; Copley
and Jackson, 2006], initiation of the North and East Ana-
tolian faults [Şengör and Kidd, 1979; Arpat and Şaroğlu,
1972], and rapid subsidence in the South Caspian basin
[e.g., Allen et al., 2002]. The driving forces of this plate
reorganization, however, remain controversial. Based on the
assumption of a late Eocene Arabia‐Eurasia collision, Wells
[1969] proposed that the opening of the Red Sea could be
such a driving force. Alternatively, Allen et al. [2004]
argued for the gravitationally driven shifting of deforma-
tion away from overthickened Turkish‐Iranian plateau and
Greater Caucasus crust into topographically lower foreland
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areas. Copley and Jackson [2006], based on new data on the
crustal thickness of the Turkish‐Iranian plateau, argued for
mantle driven dynamic uplift of the plateau, rather than
crustal thickening, and a resulting shift in deformation loci.
On the other hand, if the onset of continent‐continent col-
lision is late Miocene [e.g., Zonenshain and Le Pichon,
1986], no other forcing beyond the collision itself is
needed to drive this plate reorganization.
[4] The complex nature of continental assembly and col-

lision along the Arabia‐Eurasia margin, the evidence for
recent plate boundary reorganization, and the presence of
ongoing subduction within the collision zone makes the
Arabia‐Eurasia orogenic system a natural laboratory for
study of the early stages of continental collision that could
provide insight into the evolution of more mature orogens
and a better understanding of the spatial and temporal pat-
terns of lithospheric deformation during the process of
continental collision. Within this natural laboratory, the
Greater Caucasus are particularly well situated to address
these problems. The Greater Caucasus are the northernmost
tectonic element of the Arabia‐Eurasia collision zone
(Figure 1) and the highest mountain range in Europe. The
Greater Caucasus are a locus of ongoing continental short-
ening [Reilinger et al., 2006], but lie adjacent to the Caspian
zone of intraorogenic subduction [Jackson et al., 2002].

Despite their topographic prominence in the Arabia‐Eurasia
orogenic system, the role of the Greater Caucasus in accom-
modating strain throughout the evolution of the orogen is
poorly understood. This stems from controversies surround-
ing both the timing of closure of Neotethys and the beginning
of continental collision along the Arabian‐Eurasian margin,
as well as uncertainty regarding the onset of uplift and
exhumation of the Greater Caucasus themselves.
[5] Eocene to Oligocene deformation in the Greater

Caucasus is documented by olistostromes and a regional
angular unconformity at the base of the Oligocene–early
Miocene Maikop formation [Milanovsky and Khain, 1963;
Robinson et al., 1996; Banks et al., 1997; Kopp, 2007;
Leonov, 2007; Vincent et al., 2007] that has been interpreted
as a far‐field response to the initiation of continental colli-
sion [Vincent et al., 2007; Allen and Armstrong, 2008].
Whether or not this deformation led to significant crustal
thickening and exhumation in the Paleogene, however,
remains unclear [e.g., Cloetingh et al., 2007]. Other authors
[e.g., Zonenshain and Le Pichon, 1986; Philip et al., 1989;
Khain, 1994; Ershov et al., 2003; Morton et al., 2003] have
suggested late Miocene onset of deformation and uplift.
Their conclusions are supported by the widespread occur-
rence of late Miocene conglomerates, the influx of Greater

Figure 1. Shaded relief DEM of the Arabia‐Eurasia orogen with the major tectonic elements labeled.
NAF, North Anatolian Fault; EAF, East Anatolian Fault; EAAC, East Anatolian Accretionary Complex;
BKF, Borjomi‐Kazbek Fault; MCT, Main Caucasus Thrust; ZMT, Zagros Main Thrust; WCF, West Cas-
pian Fault. Vectors show GPS velocities relative to Eurasia [Reilinger et al., 2006; Kadirov et al., 2008]
color coded by region (yellow, Greater Caucasus; orange, Rioni and Kura basins; red, Lesser Caucasus;
white, other regions). Box between Mount Elbrus and Mount Kazbek shows the area depicted in Figure 2.
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Caucasus derived clastics into surrounding sedimentary
basins and the rapid subsidence of the northern Caucasus
basin.
[6] Links between deformation within the Greater Cau-

casus and Pliocene plate reorganization are equally poorly
constrained. Based on evidence of late Eocene deformation
in the Greater Caucasus, Allen et al. [2004] suggested that
increased gravitational potential across the range, resulting
from shortening and crustal thickening, was a driving force
of plate boundary reorganization in Miocene‐Pliocene time.
On the other hand, estimates of late Miocene or Pliocene
exhumation and uplift of the Greater Caucasus [Zonenshain
and Le Pichon, 1986; Khain, 1994] would suggest that the
evolution of the Greater Caucasus is a response to plate
boundary reorganization and not a driving force of it.
Improved constraints on the timing of crustal deformation
within the range are one approach to distinguish between
these scenarios, and to better understand the role of the
Greater Caucasus in accommodating strain throughout the
evolution of the Arabia‐Eurasia plate boundary.
[7] Low‐temperature thermochronometry provides a tool

to constrain the timing and rates of exhumation in com-
pressional orogens [e.g., Reiners et al., 2003; Blythe et al.,
2007; Clark and Bilham, 2008]. To the extent that the sur-
face processes responsible for exhumation in compressional
orogens are coupled to tectonic forcing [e.g., Whipple and
Tucker, 1999], low‐temperature thermochronometers pro-
vide a constraint on the timing and rate at which surface
topography develops [e.g., Braun, 2005]. Such data has
elucidated the timing of crustal exhumation and its rela-
tionship to the regional tectonic evolution of northern Iran
[e.g., Axen et al., 2001; Guest et al., 2006], but has seen
little application to the remainder of the Arabia‐Eurasia
collision zone [e.g., Boztŭg and Jonckheere, 2007; Okay
et al., 2010]. To our knowledge, only two regional low‐
temperature thermochronometry studies of the Greater
Caucasus have been completed. One, using apatite fission
track methods [Kral and Gurbanov, 1996], yielded a variety
of cooling ages from the central portion of the Greater
Caucasus, ranging from Paleogene to Pliocene, from which
the most robust conclusion that can be drawn is that at least
some portions of the Greater Caucasus have undergone
significant post‐Miocene exhumation. Another study, con-
centrated on the western end of the Greater Caucasus
[Vincent et al., 2010], reveals slow post‐Eocene exhumation
of modest magnitude (less than 5 km).
[8] Here we present the results of a new low‐temperature

thermochronometric study of the central Greater Caucasus,
between Mount Elbrus and Mount Kazbek (Figure 1). This
region is ideal for applying low‐temperature thermo-
chronometric techniques to studying strain accommodation
within the Greater Caucasus. First, there are large exposures
of silicic igneous and metamorphic rocks that yield the
mineral phases necessary for low‐temperature thermo-
chronometry (Figure 2). Second, high‐relief valleys, eroded
by both fluvial and glacial processes, afford the opportunity
to collect vertical transects in excess of 1 km. Finally,
modern geodetic observations suggest that at this longitude
strain north of the Turkish‐Iranian plateau is accommodated
almost exclusively within the Greater Caucasus, along a
single thrust zone bounding the southern margin of the
range. This differs from regions further to the east where

strain accommodation is distributed across both the Lesser
and the Greater Caucasus, and on both south and north
verging thrust systems bounding both sides of the Greater
Caucasus range (Figures 1 and 3).

2. Low‐Temperature Thermochronometry

[9] We present new apatite (U‐Th)/He, apatite fission
track, zircon (U‐Th)/He, zircon fission track, and K‐feldspar
40Ar/39Ar ages for the central Greater Caucasus, alongside
existing apatite fission track ages [Kral and Gurbanov,
1996], to derive the long‐term spatial and temporal pat-
terns of exhumation of the range. These low‐temperature
thermochronometers have closure temperatures of ∼70°C
(apatite (U‐Th)/He [Wolf et al., 1996]), ∼110°C (AFT)
[Gleadow et al., 1983], ∼180°C (zircon (U‐Th)/He [Reiners
et al., 2003]), ∼240°C (40Ar/39Ar [Foland, 1994]), and
∼232°C–∼342°C (ZFT) [Tagami et al., 1998], although
these estimates vary with grain size, cooling rate and radi-
ation damage [e.g., Farley and Stockli, 2002; Dodson, 1973;
Shuster et al., 2006; Flowers et al., 2009]. This suite of
thermochronometers samples cooling related to exhumation
through the upper ∼10 km of the crust, depending upon the
geothermal gradient, and is most relevant to understanding
the recent thermal evolution of the range.
[10] Samples were collected from igneous and metamor-

phic rocks, primarily granitoids and granite gneisses, likely
to yield sufficient quantities of apatite and zircon for anal-
ysis. Elevation transects [e.g., Wagner and Reimer, 1972;
Gallagher et al., 2005] were collected where significant
topographic relief was present within a single igneous or
metamorphic unit. Structural complexities within the
Greater Caucasus basement rocks and poor constraints on
sample paleodepth limited the application of this sampling
strategy elsewhere within the range. Instead, multiple low‐
temperature thermochronometers were analyzed for indi-
vidual samples to derive a continuous cooling path [e.g.,
McAleer et al., 2009]. As discussed below, not all samples
yielded a complete suite of reset cooling ages, and some
higher‐temperature thermochronometric results are consis-
tent with the presumed age of igneous crystallization or peak
metamorphism. These results are obviously not reflective of
the Cenozoic evolution of the Greater Caucasus, but do
provide constraints on the maximum amount of exhumation
that these rocks could have experienced during the Cenozoic.

2.1. Analytical Methods

[11] All samples were collected after removal of the outer
few centimeters of rock to prevent inclusion of material
affected by forest fires or lightning [Mitchell and Reiners,
2003]. Rocks were crushed and pulverized, and mineral
concentrates were made using standard magnetic and den-
sity techniques. Individual mineral grains of apatite and
zircon were handpicked from the concentrates, with care
taken to avoid comminuted grains or grains with inclusions
visible under 200× magnification.
[12] Apatite (U‐Th)/He analyses were conducted on

single‐apatite grains at the Caltech Noble Gas Laboratory
using standard procedures [Farley and Stockli, 2002].
Sample aliquots were outgassed using a Nd‐YAG laser
[House et al., 2000] and 4He was measured by 3He spike
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using a quadrupole mass spectrometer. 238U, 235U, 232Th and
147Sm were measured using isotope dilution ICP mass
spectrometry [Farley and Stockli, 2002]. Reproducibility of
analytical results was constrained by 4–6 replicate analyses.
Analytical uncertainty of apatite (U‐Th)/He ages is ∼5% (1s)
based on instrument precision and error in the alpha ejection

correction [Farley et al., 1996]. The Durango fluorapatite
standard ((U‐Th)/He age of 31.4 Ma [McDowell et al.,
2005]) was analyzed in all sample runs to check age accu-
racy. The reported error for each sample is the standard
deviation of the replicate analyses, which typically exceeded
the analytical uncertainty, as has previously been observed
for geologic samples [e.g., Farley and Stockli, 2002]. Two
outliers were excluded from the data set after failing the Q‐
test [Dean and Dixon, 1951] at the 95% level of confidence
(Tables 1 and A1). Undetected microinclusions of U‐ and
Th‐bearing phases within the apatite are the most likely
explanation for the outlier ages.
[13] Apatite and zircon fission track ages were determined

by Apatite to Zircon, Inc. [Donelick et al., 2005]. Polished
apatite grain mounts were immersed in 5.5N HNO3 for 20 s
at 21°C to reveal natural fission tracks. Zircon grain mounts
were immersed in an eutectic melt of NaOH + KOH at
∼210°C (±10°C) for ∼34 h. Track densities were counted
and recorded. Concentrations of radiogenic elements were
determined for the localities of counted natural fission tracks
by measuring 238U, 232Th and 147Sm via LA‐ICP‐MS
[Hasebe et al., 2004]. Apatite grain mounts were then
irradiated with ∼107 tracks/cm2 from a 252Cf source. Irra-
diated grain mounts were again immersed in 5.5N HNO3 for
20 s at 21°C to reveal horizontal, confined fission tracks,
and track lengths were then measured. Fission track ages
were determined using a modified decay equation that
includes calibration for the LA‐ICP‐MS using the Durango
fluorapatite standard (fission track age of 30.6 Ma) and Fish
Canyon zircon (28.5 Ma).
[14] Zircon (U‐Th)/He ages were measured on single‐

grain aliquots at the Arizona Radiogenic Helium Dating
Laboratory following standard protocols [Reiners et al.,
2002, 2004]. Euhedral zircons were wrapped in Nb foil
and degassed by laser heating. He abundances were mea-
sured on a quadrupole mass spectrometer using 3He isotope
dilution. Degassed zircons were then dissolved and U and
Th concentrations were measured on an ELEMENT 2 ICP‐
MS. (U‐Th)/He ages were corrected for alpha ejection
[Farley, 2002].
[15] 40Ar/39Ar analysis of potassium feldspars was per-

formed at the University of Michigan Noble Gas Labora-

Table 1. Summary of Low‐Temperature Thermochronometry Results

Sample Longitude (°N) Latitude (°E) Altitude (m) AHea (Ma) AFTb (Ma) ZHec (Ma) ZFTd (Ma) 40Ar/39Are (Ma)

A1 42.801008 43.235924 2370 5.2 ± 0.6 24.06 ± 0.49 230.4 ± 13.1 291.2 ± 1.3
A2 42.758738 43.298983 1690 5.1 ± 0.6 88.93 ± 1.81 433.0 ± 19
B1 43.320785 43.226316 1357 16.81 ± 3.36 21.8 ± 1.1 188.5 ± 3.87 293.4 ± 12.4 250.0 ± 1.2
B2 43.217135 43.163385 1687 4.06 ± 0.4 3.64 ± 0.35
B3 43.114502 43.087557 2470 12.16 ± 1.11 7.64 ± 0.52
B4 43.323375 43.211909 1846 11.64 ± 1.75
B5 43.324428 43.200743 2359 19.03 ± 2.08
B6 43.480113 43.151325 1052 13.55 ± 2.39
T1 43.873633 42.785572 2200 2.55 ± 0.45 6.23 ± 0.98 20.4 ± 0.39
T2 43.873080 42.789768 2421 2.05 ± 0.52
T3 43.870518 42.797055 2994 1.88 ± 0.63 32.04 ± 0.72
T4 43.869105 42.802727 3456 1.67 ± 0.21

aStandard error is calculated from replicate analyses. Range of closure temperatures for cooling rates between 1°C/Myr and 25°C/Myr is 52°C–73°C.
bStandard error is estimated analytical error. Range of closure temperatures for cooling rates between 1°C/Myr and 25°C/Myr is 98°C–124°C.
cStandard error is estimated analytical error. Range of closure temperatures for cooling rates between 1°C/Myr and 25°C/Myr is 162°–192°C.
dStandard error is estimated analytical error. Range of closure temperatures predicted by various models (see text) for cooling rates between 1°C/Myr

and 25°C/Myr is 210°C–350°C.
eStandard error is estimated analytical error. Range of closure temperatures for cooling rates between 1°C/Myr and 25°C/Myr is 221°C–258°C.

Figure 3. Caucasus region GPS velocities [Reilinger et al.,
2006; Kadirov et al., 2008]. Velocities in the N20E (plate‐
convergence‐parallel) direction are shown plotted against
orogen‐strike‐parallel distance (N110E). Color coding of
GPS velocities as in Figure 1. Present‐day strain distribution
varies along strike of the Caucasus. West of Mount Elbrus,
little or no strain is accommodated across the Caucasus
(GPS velocities are within error of stable Eurasia). Between
Mount Elbrus and Mount Kazbek, strain is localized on the
Main Caucasus Thrust (Greater Caucasus velocities are
within error of stable Eurasia; Lesser Caucasus and Kura/
Rioni basin velocities are indistinguishable at 3–5 mm/yr
with respect to Eurasia). East of Mount Kazbek, strain is
broadly distributed, with Greater Caucasus sites moving
several millimeters per year with respect to stable Eurasia,
likely due to shortening in the north verging fold‐and‐thrust
belt in Dagestan, and considerable shortening between the
Lesser Caucasus and both the Kura Basin and the Greater
Caucasus.
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tory, following the methods described by Ownby et al.
[2007]. Samples were wrapped in pure Al foil and irradi-
ated for 20 h at location 5C at the McMaster Nuclear
Reactor at McMaster University in Hamilton, Ontario in
irradiation package mc19. Standard hornblende MMhb‐1
was used as a neutron‐fluence monitor with an assumed
K‐Ar age of 520.4 Ma [Samson and Alexander, 1987].
Samples were incrementally heated with a Coherent Innova
5W continuous argon‐ion laser until complete fusion was
achieved. Ar isotopes were measured using a VG1200S mass
spectrometer with a source operating at 150 mA total emis-
sion and equipped with a Daly detector operating in analog
mode. Fusion system blanks were run every five fusion steps
and blank levels from argon masses 36 through 40 (∼2 ×
10−14, ∼4 × 10−14, ∼1 × 10−14, ∼2 × 10−14, and 2 × 10−12

ccSTP) were subtracted from sample gas fractions. Correc-
tions were also made for the decay of 37Ar and 39Ar, for the
production of 36Ar from the decay of 36Cl, as well as inter-
fering nucleogenic reactions from K, Ca and Cl.

2.2. Modeling Methods

[16] Thermal history modeling was undertaken using
HeFTy v. 1.6.7 software [Ketcham, 2005]. This program
implements a variety of forward models for fission track
density and annealing in apatite, as well as models of He
diffusion in apatite and zircon. Observed apatite fission
track densities and c axis projected track length distributions
were modeled using a modification of the fanning Arrhenius
model [Ketcham et al., 2007, 2009]. Diffusion properties for
He in apatite were modeled considering the effects of
radiation damage on He diffusion (the RDAAM model
[Flowers et al., 2009]). He diffusion in zircon was modeled
following Reiners et al. [2004]. Thermal models were
constrained by modern surface temperatures and, where
available, high‐temperature constraints from 40Ar/39Ar of
feldspars or zircon fission track thermochronometry. No
other constraints beyond the annealing or diffusion algo-
rithms described above were imposed. Subsegment spacing
of cooling paths was allowed to vary randomly, and
monotonic cooling was not assumed. Viable thermal histo-
ries were found by simple Monte Carlo inversion. Forward
models for randomly generated thermal histories were run
until 100 acceptable [Ketcham, 2005] models were found.
[17] For 40Ar/39Ar, zircon fission track, and samples on

which only apatite (U‐Th)/He were analyzed, blocking
temperatures [Dodson, 1973] were determined assuming a
constant cooling rate. We estimated blocking temperatures
for a range of cooling rates between 1°C/Myr and 25°C/Myr
with the Closure program [Ehlers et al., 2005]. Blocking
temperatures for (U‐Th)/He data were calculated following
Farley [2000]. Zircon fission track fanning models [Tagami
et al., 1998] and feldspar diffusion models [Foland, 1994]
were used to estimate the blocking temperatures of zircon
FT and 40Ar/39Ar systems. The blocking temperatures of the
ZFT and 40Ar/39Ar systems were included, where appro-
priate, as box constraints in the HeFTy thermal modeling
described above.
[18] In cases where a change in cooling rate is observed, a

finite element exhumation model (Pecube, SVN version,
Rev. 9 [Braun, 2003]) was used to calculate the time lag of
the thermal signal following the exhumation rate change.

The model was computed for a two‐step exhumation his-
tory with a change of exhumation rate from 0.1 km/Myr to
1 km/Myr. Parameters of the model were set as follows:
flat topography, 40 km2/Myr diffusivity, 0.25°C/Myr heat
production at surface, 60 km model thickness and 800°C
temperature at the base of the model.

3. Results

[19] Samples were collected from the northern side of the
central Greater Caucasus, Russia, between Mount Elbrus
and Kazbek along three transects (Figure 2). Two samples
analyzed were collected in Adyr Su valley, a tributary of the
Baksan river, east of Mount Elbrus. Nine samples were
collected near the village of Bezengi, along the Cherek‐
Balkarskii and Cherek‐Bezengskii valleys, located within
the Kabardino‐Balkaria Nature Preserve (Figure 2). The
third transect was collected in Tsei valley, located to the
northwest of Kazbek. At Tsei, a complete vertical transect
was sampled, while along‐valley transects were sampled at
Adyr Su and Bezengi.

3.1. Adyr Su

[20] The Adyr Su river drains northward from the Main
Caucasus Ridge, which is the border between Russia and
Georgia (Figure 2). This river is situated completely within
the crystalline core of the range. The higher of the two
samples (A1) was collected from a granite of presumed
middle to late Paleozoic age [Gamkrelidze and Kakhadze,
1959]. A lower sample (A2), was collected down valley,
away from the axis of the range. This sample was collected
from a K‐feldspar‐rich granitoid, which is a part of a Pre-
cambrian–early Paleozoic metamorphic gneiss complex
[Gamkrelidze and Kakhadze, 1959].
[21] 40Ar/39Ar ages from sample A1 are Early Permian

(∼291 Ma), consistent with published crystallization ages of
nearby granites [Gamkrelidze and Kakhadze, 1959]. Zircon
fission track ages from this sample yield a slightly younger
Middle Triassic age (∼230 Ma), possibly representative of
modest exhumation at this time. Sample A2 yields an Early
Silurian (∼433 Ma) zircon fission track age, consistent with
zircon U‐Pb ages from orthogneiss in the adjacent Kyrtyk
valley [Somin, 2007a], and possibly dating gneiss formation.
[22] Lower‐temperature thermochronometers from Adyr

Su reveal a significantly younger portion of the thermal
history. Zircon (U‐Th)/He and apatite fission track ages from
sample A1 are 24.06 ± 0.49 and 5.2 ± 0.6 Ma, respectively
(Table 1). These ages are interpreted as resulting from
Cenozoic exhumation associated with uplift and erosion
of the Greater Caucasus. Thermal modeling of these data
reveals rapid cooling at ∼25°C/Myr since ∼5 Ma. The rate of
cooling prior to 5 Ma is less well resolved, but appears to be
negligible cooling, with reheating permissible. Sample A2
yielded zircon (U‐Th)/He and apatite fission track ages of
88.93 ± 1.81 and 5.1 ± 0.6 Ma. Differences in zircon (U‐Th)/
He ages between samples A1 and A2 may reflect differences
in paleodepth resulting from structural complexity in the
crystalline basement. The Coniacian zircon (U‐Th)/He age is
consistent with a regional unconformity that developed
across the northern Greater Caucasus in Albian‐Santonian
time [e.g., Pismennyj, 2002]. Thermal modeling of the zircon
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(U‐Th)/He and apatite fission track data for sample A2
(Figure 4) indicates cooling at a rate of 0.7°C/Myr prior to
∼5 Ma, followed by cooling at a rate of 20°C/Myr to the
present.

3.2. Bezengi

[23] The Cherek‐Bezengi valley lies east of Adyr Su,
and crosses almost the whole width of the crystalline core
of the Greater Caucasus in a northeast–southwest direction

(Figure 2). The Cherek‐Bezengi River drains the Bezengi
Massif, which overlies the Main Caucasus Thrust, and in
which is exposed Proterozoic and Paleozoic metamorphic
and igneous rocks. At its northernmost end, the river exposes
Early Jurassic and younger Paratethys‐related strata, uncon-
formably overlying the older metamorphic infrastructure.
[24] The southernmost sample from Bezengi, B3, was

collected from Mesoproterozoic granitoids and yielded a
12.16 ± 1.11 Ma apatite (U‐Th)/He age and a 7.64 ± 0.52 Ma

Figure 4. Randomly generated thermal histories satisfying low‐temperature thermochronometry data
(Tables A1, A2, and A3) for samples that have at least apatite fission track lengths measured. The
gray band is centered on Miocene‐Pliocene boundary (5.3 Ma). Samples A1, A2, and T1 clearly record
the onset of rapid cooling at this time. Sample B1 has cooled past the sensitivity range of the analyzed
thermochronometers (<50°C) by 5 Ma, and so it does not record any change in cooling rate at this time.
Sample B2, on the other hand, appears to have been hotter than the partial annealing zone of apatite at
5 Ma and thus only records rapid cooling since ∼5 Ma. The bottom right panel displays a cooling path
(solid line) resulting from an increase in exhumation rate at the Miocene‐Pliocene boundary from 0.1 to
1 km/Myr (dashed line shows depth below the surface), predicted from Pecube model [Braun, 2003].
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apatite fission track age (Table 1). An explanation for the
inverse relationship observed between the thermochrono-
metric ages and commonly cited closure temperatures for
this sample is not readily apparent. Recent radiation damage
models that predict an increase in apatite (U‐Th)/He closure
temperature for apatites with high uranium concentrations
and slow cooling rates (<0.1°C/Myr [Shuster et al., 2006;
Shuster and Farley, 2009; Flowers et al., 2009]) offer one
possible solution, but U concentrations in sample B3 are not
significantly higher than those of other samples in the
region (Table A1). Another possible explanation could be
eU concentration zoning [Farley and Stockli, 2002]. No
forward thermal model could be found that adequately fit
both the apatite fission track and (U‐Th)/He data, however,
a rough estimate for cooling rate, averaged over the last
10 Myr is 5°C/Myr to 15°C/Myr.
[25] Sample B2, from a schist near the central portion of

the crystalline core, yielded Pliocene apatite fission track and
(U‐Th)/He ages (3.64 ± 0.35 and 4.06 ± 0.4 Ma; Table 1).
Thermal modeling indicates rapid cooling at rates of
∼25°C/Myr since at least 4 Ma. No high‐temperature ther-
mochronometers, or older fission tracks, constrain the pre‐
Pliocene thermal evolution of this sample (Figure 4).
[26] The northernmost sample, B1, was collected from

Early Carboniferous granite, immediately beneath uncon-
formably overlying Jurassic shallow‐marine sedimentary
rocks [Pismennyj, 2002]. As at Adyr Su, higher‐temperature
thermochronometers, zircon fission track and potassium
feldspar 40Ar/39Ar, yield Permian to earliest Triassic ages
(293.4 ± 12.4 Ma and 250.0 ± 1.2 Ma, respectively; Table 1),
consistent with published crystallization ages [Pismennyj,
2002]. The zircon (U‐Th)/He age (188.5 ± 3.87 Ma; Table 1)
of sample B1 records a relatively old thermal event, poten-
tially related to exhumation during Jurassic orogeny, or
perhaps simply reflective of long‐term slow erosion and
cooling.
[27] Low‐temperature data from apatite fission track and

apatite (U‐Th)/He yield ages of 21.8 ± 1.1 and 16.81 ± 3.36

Ma, respectively (Table 1). Thermal modeling of sample B1
indicates slow cooling at a rate of 4°C/Myr during the last
∼20 Myr (Figure 4). It should be noted that this sample does
not record any changes in cooling rate younger ∼16 Ma, the
time at which it cooled below the closure temperature for
apatite (U‐Th)/He. Potential thermal paths for sample B1
between 50 and 20 Ma are poorly constrained, but could not
have exceeded 150°C, and are inconsistent with a constant
cooling rate from 50 Ma to the present (Figure 5). Three
additional apatite (U‐Th)/He ages from nearby samples (B4,
B5 and B6) yield results similar to those from sample B1
(Table 1), and were not further modeled.

3.3. Tsei

[28] Four samples were collected from a Late Triassic
granodiorite [Pismennyj, 2002] along the north wall of the
Tsei valley, on a 45° transect over a vertical distance of
∼1300 m. All thermochronometers from this sample reflect
Cenozoic cooling. Zircon (U‐Th)/He ages from samples T1
(2200 m) and T3 (2994 m) are 20.4 ± 0.39 Ma and 32.04 ±
0.72 Ma, respectively (Table 1). Given the elevation and age
difference between these two samples, the average rate of
exhumation from 30 to 20 Ma was ∼ 80 m/Myr. If we
assume a geothermal gradient of 20°C/km, this is equivalent
to a cooling rate of 4°C/Myr during this time period. Apatite
(U‐Th)/He ages are essentially invariant with elevation
across the transect and are ∼2 Ma (Table 1), suggesting
rapid passage through the closure isotherm (∼70°C) at this
time. An apatite fission track age of 6.23 ± 0.98 Ma was
determined on the lowest sample (T1). Modeling of the
thermochronometric data for sample T1 indicates a change
in cooling rate from less than 3°C/Myr to 20°C/Myr at
∼5 Ma (Figure 4).

4. Discussion

4.1. Amount, Rate and Timing of Exhumation of the
Greater Caucasus

[29] The thermochronometric data presented above yield
new insights into the amount, timing, and rate of late
Cenozoic exhumation of the Greater Caucasus. Higher‐
temperature thermochronometers, specifically zircon fission
track and potassium feldspar 40Ar/39Ar, throughout the
central Greater Caucasus yield late Paleozoic to earliest
Mesozoic cooling ages. These ages are consistent with
published K‐Ar and 40Ar/39Ar dates from Paleozoic igneous
and metamorphic rocks in the range [Somin, 2007b;
Philippot et al., 2001], and thus provide an upper bound on
the total amount of exhumation of the Greater Caucasus
crystalline core. Given the wide range of zircon fission track
closure temperature estimates [e.g., Reiners and Brandon,
2006], we here use the closure temperature of potassium
feldspar (∼221°C–258°C for cooling rates of 1°C–25°C) to
determine the maximum amount of exhumation. Assuming
a geothermal gradient of 20°C/km, no more than ∼12 km
of exhumation of the Greater Caucasus has occurred since
late Paleozoic time (<8 km for a geothermal gradient of
30°C/km). Several samples, however, yielded Cenozoic
zircon (U‐Th)/He ages, for which the closure temperature
range is 162°C–192°C for cooling rates of 1°C/Myr–25°C/
Myr. Given a 20°C/km (30°C/km) geothermal gradient, these

Figure 5. A selection of 100 randomly generated thermal
histories satisfying apatite and zircon (U‐Th)/He and apatite
fission track data (Tables A1, A2, and A3) from the B1
sample in the Bezengi valley, indicating Oligocene change
in cooling rate. See text for discussion.
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results require ∼9 km (∼6 km), or roughly 75%, of the total
exhumation of these samples to have occurred since the
Oligocene. We have few constraints on the exhumation
and/or burial paths taken by these samples throughout the
Mesozoic, and do not imply that our results require a simple
and monotonic exhumation history. However, depending on
the geothermal gradient and cooling rate, 6–12 km of
exhumation has occurred in the most deeply exposed por-
tions of the central Greater Caucasus since ∼20–30 Ma.
Some samples, particularly on the flanks of the range,
exhibit significantly less cooling (e.g., sample B1), and
may have experienced no more than several kilometers
of exhumation in late Cenozoic time. Samples from the
northern flank of the range have experienced lesser amounts
of exhumation than those to the south, likely reflecting the
structural position of the northern samples on the limb of the

south vergent anticlinorial structure that defines the range as
a whole.
[30] The rate of cooling of the Greater Caucasus is

primarily constrained by thermal modeling of samples
for which multiple thermochronometers were analyzed
(Table 1). Four such samples (Figure 4) reveal rapid
exhumation at ∼20°C/Myr in post‐Miocene time. The
vertical transect at Tsei (Figure 6) reveals cooling ages that
are statistically invariant with elevation, consistent with
rapid, but unquantifiable cooling rates since 2 Ma. Slower
rates of cooling prior to 5 Ma are apparent in two multi-
thermochronometer samples (Figure 4, samples A2 and
B1), which yield cooling rates of ∼0°C–4°C/Myr since
20 Ma. Thermal models for two samples, A1 and T1, do
not exclude the possibility of rapid cooling and reburial
during Miocene time. However, thermal models for sam-
ples A2 and B1 do provide constraints that preclude such a
complex thermal history. These modeling constraints are
consistent with the geologic record, which contains no
significant unconformities in Miocene time. A constrained
thermal model, imposing a monotonic cooling path for
samples A2 and B1, can therefore be imposed (Figure 7).
The constrained models for samples A1 and T1 suggest
a change in cooling rate from 4°C/Myr to 20°C/Myr at
5 Ma. Zircon (U‐Th)/He dates from the vertical transect at
Tsei extend pre‐Pliocene slow cooling (∼4°C/Myr) back to
∼30 Ma. Sample B1, from the northern edge of the range,
provides a thermal history back to ∼50 Ma that requires a
rate of cooling slower than ∼4°C/Myr prior to ∼30 Ma
(Figure 5).
[31] No single sample from this data set provides a

complete Cenozoic thermal history for the central Greater
Caucasus, but, taken as a group, such a history can be
constructed. The earliest thermal history of the Greater
Caucasus is the least well constrained, but data from sample
B1 are consistent with isothermal holding or extremely slow
exhumation (<1°C/Myr) between 50 and 30 Ma. At 30 Ma
an increase in cooling rate to ∼3°C–4°C/Myr is observed in
this sample. This is consistent with post‐30 Ma cooling rates
observed in several other samples (this study and that by
Vincent et al. [2010]). Rapid cooling at ∼20°C/Myr begins
at ∼5 Ma, and is observed in samples from all three trans-

Figure 6. Low‐temperature thermochronometric age data
from the Tsei valley plotted as a function of sample eleva-
tion (samples T1–T4, T1 being the lowermost). Zircon
(U‐Th)/He reveal slow (∼4°C/Myr) cooling between 20
and 30 Ma. Elevation invariant apatite (U‐Th)/He ages indi-
cate rapid, but unquantifiable, cooling in the past ∼2 Ma.
Results of thermal modeling of the lowest‐elevation samples
are shown in Figure 4.

Figure 7. Thermal models for samples A1 and T1 subject to monotonic cooling constraints, as implied
by adjacent thermochronometric samples and geologic evidence (see Figure 4 and text for additional
discussion).
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ects. In addition, young (∼2 Ma) apatite (U‐Th)/He ages at
Tsei imply that rapid cooling in this area has continued to
the present at rates exceeding 30°C/Myr. This may reflect,
in part, increased glacial erosion of the range in late Pliocene
and Pleistocene time.

4.2. Spatial Variations in Exhumation of the Greater
Caucasus

[32] Our complete Cenozoic history of the amount, rates,
and timing of exhumation of the central Greater Caucasus
differ significantly from studies of the western Greater
Caucasus [Vincent et al., 2010]. Both studies identify an
exhumational event beginning in late Eocene or Oligocene
time, and yield similar rates of exhumation, as derived from
thermochronometric data, throughout the Oligocene and
Miocene. In the western Greater Caucasus, however, the
core of the range appears to undergo a reduction in the rate
of exhumation in Pliocene and Pleistocene time, limiting the
total amount of exhumation to ∼2.5 km [Vincent et al.,
2010]. Results from the core of the central Greater Cauca-
sus reveal an almost opposite Plio‐Pleistocene history, with
significant increases in exhumation rates during this time,
resulting in substantially greater total amounts of exhuma-
tion. Our results, in combination with the data from the
western Greater Caucasus [Vincent et al., 2010], appear to
confirm suggestions from earlier work [Kral and Gurbanov,
1996] that the western and central Greater Caucasus have
remarkably different exhumational histories. This variability
may be a result of differential shortening along the range
due to the westward extrusion of the Anatolia, which may
accommodate a significant fraction of the Arabia‐Eurasia
convergence at the longitude of the western Greater Cau-
casus. The resulting differential convergence north of the
Anatolia is then either diffusely consumed in the western
Lesser Caucasus or accommodated by the hypothesized
Borjomi‐Kazbek strike‐slip fault (Figure 1 [Philip et al.,
1989]).

4.3. Topographic Growth of the Greater Caucasus

[33] Deriving rates of topographic growth from rates of
exhumation is not straightforward [e.g., England and
Molnar, 1990]. Nonetheless, rates of exhumation across
the Greater Caucasus from 30 to 5 Ma are low, ∼0.1–
0.2 mm/yr (Figure 8), much lower than those typically
observed in active orogenic systems [e.g., Burbank, 2002].
Cooling rates from thermochronometric sampling in the
western Greater Caucasus are of similar magnitude to those
reported here [Vincent et al., 2010]. These slow rates,
combined with the observation that at least the eastern
Greater Caucasus region remained below sea level prior to
the late Miocene [Kopp and Shcherba, 1985], suggest that
the Greater Caucasus did not form a significant topographic
barrier during Oligocene or Miocene time. Rapid exhuma-
tion of the central Greater Caucasus, at rates consistent with
those observed in active orogens [e.g., Burbank, 2002]
began in late Miocene to early Pliocene time (Figure 8). This
change is correlative with the onset of deposition of conti-
nental conglomerates on the margins of the Greater Cau-
casus [e.g., Khain, 1994; Saintot et al., 2006] and an
increase in sediment derived from the Greater Caucasus
[Morton et al., 2003]. Together, these data suggest that the

Greater Caucasus became a highstanding orogen no earlier
than Pliocene time.

4.4. Relationship of Exhumation in the Greater
Caucasus to Regional Tectonics of the Arabia‐Eurasia
Collision

[34] Given the timing and rates of exhumation described
above, it seems pertinent to query the relationship between
exhumation of the Greater Caucasus and tectonic and cli-
matic events along the Arabia‐Eurasia plate boundary. The
earliest observed phase of exhumation, at ∼30 Ma, is con-
sistent with stratigraphic and thermochronometric evidence
from the western Greater Caucasus suggesting that the range
had begun to uplift and was subaerial at this time [Vincent et
al., 2007, 2010]. This uplift has been interpreted as a result
of the Arabia‐Eurasia collision, which several estimates
place at the end of Eocene [e.g., Saintot and Angelier, 2002;
Allen and Armstrong, 2008], largely on the basis of defor-
mation in the Greater Caucasus. However, such an expla-
nation is problematic, as combined plate and palinspastic
reconstructions require the removal of ∼500 km of conti-
nental lithosphere (presumably via subduction) from the
Eurasian margin to accommodate observed plate conver-
gence if collision initiated at this time [McQuarrie et al.,
2003].
[35] Alternatively, it seems reasonable to explain the onset

of exhumation in the Greater Caucasus in the late Eocene as
a response to the initiation of subduction of the Greater
Caucasus back‐arc basin [Zonenshain and Le Pichon,
1986]. This basin used to lie between Eurasia and the
Lesser Caucasus (Figure 1 [Zonenshain and Le Pichon,
1986]). No remnants of the basin floor are preserved, but
it was likely underlain by oceanic or transitional crust, as are
the Black and Caspian seas [e.g., Knapp et al., 2004]. The
original width of the Greater Caucasus back‐arc basin is
poorly constrained, but may have been as great as 900 km
[Zonenshain and Le Pichon, 1986], potentially accounting
for the removed lithosphere required in plate reconstructions
of this plate boundary [McQuarrie et al., 2003], if these
reconstructions are correct [Fakhari et al., 2009].
[36] Subduction of the Greater Caucasus back‐arc basin

may have initiated after the late Eocene “soft” collision of
Arabia and the Pontide–Lesser Caucasus arc, buffered by
the East Anatolian accretionary complex [Şengör et al.,
2003, 2008]. The absence of Oligocene or Miocene volca-
nics on the edge of Eurasia or the northern margin of the
Lesser Caucasus may indicate slow and/or flat‐slab sub-
duction [Pindell et al., 2005; Kay and Coira, 2009], or that
the original width of the back‐arc basin is substantially less
than has been proposed by Zonenshain and Le Pichon
[1986].
[37] Exhumation rates observed in the Oligocene remain

constant across the central Greater Caucasus until Pliocene
time, when they increase by a factor of four or more (Figure
8). In many places along the Alpine‐Himalayan orogen,
Pliocene increases in exhumation rate and sediment supply
have been interpreted as resulting from global climate
change [Donnelly, 1982; Molnar and England, 1990; Hay
et al., 2002; Molnar, 2004; Willett, 2010]. Such an expla-
nation appears unlikely in the Greater Caucasus, however,
for several reasons. First, the timing of increase in the rate of
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exhumation in the central Greater Caucasus is not observed
elsewhere in the range [Vincent et al., 2010]. Second, the
end of the Miocene is marked by a switch from marine to
nonmarine sedimentation in the eastern Greater Caucasus,

reflecting topographic uplift [Kopp and Shcherba, 1985],
and by a shift in sediment sources supplying the Caspian
Sea from the Russian platform to the Greater Caucasus
[Morton et al., 2003]. Third, the structural evolution of the

Figure 8. Summary of cooling rates from the central Greater Caucasus from a variety of methods (see
Figures 4 and 6 and text for discussion) and comparison to regional tectonic events. Break points for
changes in cooling rates, where observed, were determined from modeled cooling paths using piecewise
linear regression. Cooling rates prior to 30 Ma are poorly constrained but indicate little to no cooling. All
three transects exhibit cooling at ∼4°C/Myr from 30 to 5 Ma and cooling at rates greater than ∼20°/Myr
since 5 Ma. Exhumation rates are given for geothermal gradients of 20°C/km and 30°C/km. Changes in
cooling rates observed in the central Greater Caucasus are consistent with a latest Eocene or early Oli-
gocene onset of collision along the Arabia‐Eurasia boundary and appear to change in response to a latest
Miocene or early Pliocene plate reorganization. Regional tectonic events are from the following sources:
a, Mikhailov et al. [1999]; b, Saintot and Angelier [2002]; c, Allen and Armstrong [2008]; d, Kral
and Gurbanov [1996]; e, Şengör et al. [2008]; f, Vincent et al. [2007]; g, Allen et al. [2004];
h, McQuarrie et al. [2003]; i, Şengör et al. [2003]; j, Copley and Jackson [2006]; k, Allen et al. [2002];
l,Westaway [1994]; m, Khain [1994]; n, Forte et al. [2010]; o, Philip et al. [1989]; p, Brunet et al. [2003];
q, Jackson et al. [2002]; r, Morton et al. [2003]; s, Devlin et al. [1999].
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Greater Caucasus is opposite to that expected from climate‐
forced exhumation. Climate enhanced erosion acts on
existing topographic barriers, removing gravitational loads,
and thus localizing shortening on existing faults [e.g.,
Wobus et al., 2003]. The Greater Caucasus, on the other
hand, experience a region‐wide propagation of deformation
outward into surrounding foreland basins [e.g., Forte et al.,

2010], suggesting a tectonic, rather than climatic, force is
driving the observed increase in exhumation rate.
[38] Finally, the increase in exhumation rate within the

Greater Caucasus is coincident with a major plate boundary
reorganization (Figure 8 [Westaway, 1994; Allen et al.,
2004; Copley and Jackson, 2006]). This reorganization
has been suggested to result from deformation along the
edges of thickened and shortened Turkish‐Iranian Plateau

Table A1. Single‐Grain Apatite (U‐Th)/He Replicate Data

Sample Agea (Ma) U (ppm) Th (ppm) 4He (nmol/g) Mass (mg) Ftb rc (mm) Sm (ppm)

T4 1.11 ± 0.04 1.44 3.69 0.02 17.05 0.64 40.0 1294.48
T4 2.38 ± 0.09 8.61 25.55 0.13 2.78 0.65 42.5 135.57
T4 1.82 ± 0.06 1.37 4.15 0.02 21.43 0.66 40.0 479.73
T4 1.44 ± 0.05 1.44 3.84 0.02 16.50 0.66 42.5 885.95
T4 1.61 ± 0.06 1.35 3.81 0.02 16.90 0.65 40.0 465.77
T3 3.74 ± 0.12 1.67 4.33 0.04 28.20 0.66 43.0 270.75
T3 1.58 ± 0.06 1.36 3.64 0.02 18.43 0.64 40.5 348.73
T3 1.20 ± 0.04 1.40 4.17 0.01 20.14 0.64 40.0 529.71
T3 0.98 ± 0.04 1.37 3.30 0.01 11.62 0.60 39.0 866.74
T2 2.79 ± 0.10 8.74 25.71 0.15 2.78 0.66 45.0 137.52
T2 0.71 ± 0.03 1.47 3.98 0.01 15.03 0.65 39.0 501.72
T2 1.32 ± 0.05 1.38 3.87 0.01 17.63 0.63 39.0 383.02
T2 1.82 ± 0.05 11.08 29.24 0.18 2.98 0.66 43.0 174.61
T2 3.63 ± 0.12 1.81 3.93 0.05 19.76 0.67 46.5 638.43
T1 2.06 ± 0.07 12.61 35.06 0.15 2.38 0.63 39.5 99.21
T1 3.28 ± 0.11 14.72 43.70 0.29 3.13 0.65 39.5 164.80
T1 2.43 ± 0.09 1.39 3.54 0.03 14.48 0.65 44.5 549.41
T1 4.37 ± 0.14 10.25 29.16 0.28 3.11 0.68 46.5 142.79
T1 1.31 ± 0.04 2.67 4.26 0.02 23.81 0.66 38.5 296.13
T1 1.83 ± 0.07 1.49 3.77 0.02 13.99 0.62 38.0 798.19
B3 14.6 ± 0.15 32.64 29.16 2.61 15.00 0.82 88.0 146.02
B3 9.50 ± 0.13 30.40 5.63 1.33 10.13 0.81 83.5 171.24
B3 13.11 ± 0.20 17.60 3.64 1.08 15.33 0.78 68.0 619.52
B3 11.38 ± 0.19 47.47 4.97 2.29 5.84 0.75 58.5 202.40
B2 3.98 ± 0.02 112.14 3.66 2.19 17.87 0.88 136.0 2008.81
B2 4.28 ± 0.03 77.45 3.46 1.58 12.82 0.84 93.5 1871.55
B2d 14.89 ± 0.10 91.69 3.80 6.55 13.31 0.85 105.0 1950.75
B2 4.94 ± 0.04 62.06 1.75 1.38 13.38 0.82 84.0 164.58
B2 3.03 ± 0.03 99.04 3.44 1.33 7.54 0.80 82.0 229.74
B6 8.46 ± 0.51 27.71 14.68 1.20 13.07 0.83 84.5 168.15
B6 20.00 ± 1.20 27.86 39.68 3.09 6.05 0.76 54.0 221.37
B6 13.09 ± 0.79 28.04 72.31 2.43 6.91 0.75 54.5 262.76
B6 12.65 ± 0.76 20.52 23.52 1.36 6.20 0.75 52.5 205.29
B5d 53.61 ± 3.22 106.70 1.78 26.74 11.20 0.85 117.5 200.93
B5 14.87 ± 0.89 63.12 2.94 3.73 2.48 0.72 45.0 108.79
B5 21.12 ± 1.27 192.63 11.62 16.59 2.33 0.74 52.0 198.66
B5 21.11 ± 1.27 67.65 1.87 5.90 3.09 0.75 53.0 168.97
B4 16.37 ± 0.98 37.36 20.13 2.77 5.24 0.74 48.0 116.43
B4 8.70 ± 0.52 27.55 16.21 1.07 2.55 0.72 46.5 90.80
B4 9.32 ± 0.56 29.68 22.46 1.31 3.21 0.73 47.5 122.61
B4 12.18 ± 0.73 23.79 22.54 1.39 4.41 0.71 44.5 131.70
B1 10.16 ± 0.61 89.16 39.93 4.11 3.45 0.75 54.0 378.47
B1 22.34 ± 1.34 87.20 39.37 8.78 3.07 0.74 52.0 370.05
B1 11.89 ± 0.71 83.06 42.99 4.89 7.58 0.81 73.0 229.81
B1 22.87 ± 1.37 92.31 33.96 9.89 6.47 0.79 62.5 286.95

aThe 1s errors are propagated from U, Th, and He measurement uncertainties.
bAlpha ejection correction of Farley et al. [1996].
cGrain radius.
dTested positive as an outlier on the Q‐test [Dean and Dixon, 1951] with 95% confidence when compared with other replicates from the same sample.

Table A2. Single‐Grain Zircon (U‐Th)/He Data

Sample Age (Ma) U (ppm) Th (ppm) He (nmol/g) Mass (mg) Ft r (mm)

B1 188.50 ± 3.87 714.94 147.81 576.8 4.46 0.75 39.5
A1 24.06 ± 0.49 2095.89 101.64 207.01 4.13 0.75 39.8
A2 88.93 ± 1.81 673.17 68.66 240.11 2.88 0.72 34.8
T3 32.04 ± 0.72 655.24 418.65 95.07 4.9 0.73 33.8
T1 20.40 ± 0.39 679.60 448.29 64.89 4.48 0.75 39.5
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and Greater Caucasus crust [Allen et al., 2004]. As noted
above, it seems improbable that the Greater Caucasus were a
highstanding mountain range prior to the time of this reor-
ganization. Thus, the uplift of the Turkish‐Iranian plateau
alone would have to be interpreted as the driving force of
the post‐Miocene reorganization of the plate boundary,
including the uplift in the Greater Caucasus. Alternatively,
reorganization of the Arabia‐Eurasia orogen could be driven
by the final closure of the Greater Caucasus back‐arc basin
in late Miocene time. Such a closure would result in the

cessation of subduction of oceanic or transitional crust
across much of the Arabia‐Eurasia collision zone, and thus
mark the onset of throughgoing “hard” continent‐continent
collision, from the Arabian shield to the Scythian platform.
Given a relatively steady rate of Arabia‐Eurasia conver-
gence [McQuarrie et al., 2003], the disappearance of the last
subduction zone would result in increased tectonic stresses
throughout the orogen, resulting in plate boundary reorga-
nization, including the initiation of Anatolian extrusion
[Allen et al., 2004] and orogenesis in previously slowly

Table A3. Apatite and Zircon Fission Track Dataa

Sample
Grains
(dmnls)

Dpar
(mm)

Dper
(mm)

Ns

(tracks)

Area
Analyzed

(cm2 × 10−3)
S(PW) ± 1s
(cm2 × 10−4) xMS ± 1s

43Ca(ap):29Si(zr)
(bkg:sig) (×10−2)

(dmnls)

238U
(bkg:sig)
(×10−2)
(dmnls) Q

Pooled
Age
(Ma)

Mean
Length
(mm)

Apatiteb

A1 25 1.35 0.3 88 1.16 1.42 ± 0.0448 16.61 ± 0.42 3.67 1.23 0.82 5.16 ± 0.59 13.63 ± 1.86
A2 20 1.36 0.27 94 0.754 1.53 ± 0.0362 16.56 ± 0.42 3.37 2.80 0.15 5.09 ± 0.55 12.37 ± 1.67
B1 25 1.31 0.22 702 1.17 2.68 ± 0.0558 16.65 ± 0.42 3.49 6.06 0 21.8 ± 1.1 12.63 ± 2.07
B2 25 1.29 0.28 119 1.18 2.57 ± 0.0456 15.75 ± 0.39 4.79 31.3 0.13 3.64 ± 0.35 13.74 ± 1.64
B3 24 1.33 0.25 278 0.949 2.90 ± 0.0548 15.97 ± 0.39 2.92 0.516 0.07 7.64 ± 0.52 13.82 ± 1.73
T1 24 1.35 0.35 42 0.655 0.545 ± 0.0122 16.19 ± 0.39 6.41 19.7 0.02 6.23 ± 0.98 13.9 ± 1.7

Zirconc

A1 10 464 0.0301 0.091 ± 0.00044 9.22 ± 0.3 11.3 3.04 0 230 ± 13
B1 20 1410 0.0890 0.207 ± 0.00072 8.81 ± 0.29 12.2 6.01 0 293 ± 12

aHere dmnls, dimensionless; bkg:sig, background:signal.
bAnalyst is Paul O’Sullivan, Apatite to Zircon, Inc.
cAnalyst is Ray Donelick, Apatite to Zircon, Inc.

Figure A1. K‐feldspar 40Ar/39Ar data.
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deforming regions such as the Alborz [Axen et al., 2001]
and Greater Caucasus.

5. Conclusions

[39] Exhumation of the central Greater Caucasus occurred
in two phases, beginning in Oligocene time. During the
first phase, cooling rates increased from negligible values to
∼4°C/Myr, likely in response to the collision of Arabia with
the Pontide–Lesser Caucasus arc. Cooling rates remained
constant throughout the late Oligocene and Miocene until
∼5 Ma, when they rapidly increased to 20°C/Myr or more.
This change coincides with a major plate boundary reorga-
nization, as well as the onset of global climatic cooling.
A variety of evidence suggests that rapid Pliocene exhuma-
tion of the central Greater Caucasus is tectonically driven,
and we interpret this exhumation as resulting from either the
closure of the Greater Caucasus basin and the onset of con-
tinent‐continent collision across the Arabia‐Eurasia plate
boundary, or the migration of deformation away from the
uplifted Turkish‐Iranian plateau. If the former hypothesis is
correct, then the post‐Miocene reorganization is likely a
result of the onset of “hard” continent‐continent collision in
this segment of the Arabia‐Eurasia orogen.

Appendix A

[40] This section includes data for single‐grain apatite
(Table A1) and zircon (Table A2) (U‐Th)/He concentra-
tions, fission track counts (Table A3), and feldspar argon
release spectra (Figure A1), along with corresponding age
estimates.
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