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Abstract Along the northern margin of the Arabia-Eurasia collision zone in the western Greater
Caucasus, the Main Caucasus Thrust (MCT) juxtaposes Paleozoic crystalline basement to the north
against Mesozoic metasedimentary and volcaniclastic rocks to the south. The MCT is commonly assumed to
be the trace of an active plate-boundary scale structure that accommodates Arabia-Eurasia convergence, but
field data supporting this interpretation are equivocal. Here we investigate the deformation history of the
rocks juxtaposed across the MCT in Georgia using field observations, microstructural analysis, U-Pb and
“OAr/*° Ar geochronology, and *°Ar/**Ar and (U-Th)/He thermochronology. Zircon U-Pb analyses show that
Greater Caucasus crystalline rocks formed in the Early Paleozoic on the margin of Gondwana.
Low-pressure/temperature amphibolite-facies metamorphism of these metasedimentary rocks and
associated plutonism likely took place during Carboniferous accretion onto the Laurussian margin, as
indicated by igneous and metamorphic zircon U-Pb ages of ~330-310 Ma. YOAr/¥Ar ages of ~190-135 Ma
from muscovite in a greenschist-facies shear zone indicate that the MCT likely developed during Mesozoic
inversion and/or rifting of the Caucasus Basin. A Mesozoic *’Ar/*°Ar biotite age with release spectra
indicating partial resetting and Cenozoic (<40 Ma) apatite and zircon (U-Th)/He ages imply at least ~5-8 km
of Greater Caucasus basement exhumation since ~10 Ma in response to Arabia-Eurasia collision. Cenozoic
reactivation of the MCT may have accommodated a fraction of this exhumation. However, Cenozoic
zircon (U-Th)/He ages in both the hanging wall and footwall of the MCT require partitioning a substantial
component of this deformation onto structures to the south.

Plain Language Summary Collisions between continents cause deformation of the Earth's crust
and the uplift of large mountain ranges like the Himalayas. Large faults often form to accommodate this
deformation and may help bring rocks once buried at great depths up to the surface of the Earth. The Greater
Caucasus Mountains form the northernmost part of a zone of deformation due to the ongoing collision
between the Arabian and Eurasian continents. The Main Caucasus Thrust (MCT) is a fault juxtaposing old
igneous and metamorphic (crystalline) rocks against younger rocks that has often been assumed to be a
major means of accommodating Arabia-Eurasia collision. This study examines the history of rocks along the
MCT with a combination of field work, study of microscopic deformation in rocks, and dating of rock
formation and cooling. The crystalline rocks were added to the margins of present-day Eurasia about
330-310 million years ago, and the MCT first formed about 190-135 million years ago. The MCT is likely at
most one of many structures accommodating present-day Arabia-Eurasia collision.

1. Introduction

Collisional orogens are commonly characterized by basement-involved thrust faults or shear zones that
develop as crustal-scale structures (e.g., Lacombe & Bellahsen, 2016; Lacombe & Mouthereau, 2002;
Pfiffner, 2006). There are two mechanisms to explain the evolution of these structures in the conceptual fra-
mework of a singly-vergent, critically-tapered orogenic wedge, in which deformation is dominated by the
translation of material along a shallowly-dipping basal décollement beneath an internally deforming
fold-thrust belt (e.g., Chapple, 1978; Dahlen, 1984; Davis et al., 1983). The first involves the formation of a
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basement-involved thrust by down-stepping of the basal décollement to deeper crustal levels and incorpor-
ating crystalline basement from the downgoing plate into the orogenic wedge (e.g., Lacombe & Bellahsen,
2016; McQuarrie, 2002), perhaps through normal-fault reactivation (e.g., Bellanger et al., 2014; Granado
et al., 2017). The second mechanism produces a basement-involved thrust by the underthrusting of the
wedge beneath the crystalline basement of the overriding continent, which serves as a backstop that limits
back-thrusting and development of a retrowedge (e.g., Byrne et al., 1993; Rossetti et al., 2002). Investigating
the evolution of basement-involved thrusts and the crystalline rocks they expose is thus essential for under-
standing the first-order structure of collisional mountain belts.

Between the Black and Caspian Seas, the Greater Caucasus Mountains are the locus of active shortening
within the Arabia-Eurasia collision zone at their longitude (Jackson, 1992; Reilinger et al., 2006; Sokhadze
et al., 2018). The range formed due to Miocene-Pliocene collision with the Lesser Caucasus to the south
(Figure 1; e.g., Philip et al., 1989; Avdeev & Niemi, 2011; Cowgill et al., 2016). The Main Caucasus Thrust
(MCT) is a north-dipping shear zone exposed in the core of the Greater Caucasus that, in the Republic of
Georgia west of ~45°E longitude, juxtaposes Paleozoic crystalline rocks to the north against Mesozoic meta-
sedimentary and volcaniclastic rocks to the south (Figure 1; e.g., Zaridze, 1959; Shempelev, 1978; Dotduyev,
1986; Saintot et al., 2006; Mosar et al., 2010).

The nomenclature of the MCT has also been extended to refer to an inferred Cenozoic basal décollement that
is assumed to be the principal structure at depth accommodating Arabia-Eurasia convergence in the Greater
Caucasus (e.g., Philip et al., 1989; Reilinger et al., 2006; Shempelev, 1978; Shempelev et al., 2017). Profiles
across the range reveal a shift in crustal velocities within the upper ~10-20 km of the crust from higher velo-
cities in the north to lower velocities in the south that has been tentatively interpreted as representing a
crustal-scale décollement at depth, but the depth resolution of these profiles is insufficient to delineate the
fault geometry clearly (e.g., Pavlenkova, 2012; Rogozhin et al., 2015; Shempelev, 1978; Shempelev et al.,
2017). The correspondence of this inferred active décollement with the exposed shear zone observed within
the range is generally implied by the shared name, but a correlation between these two structures has not
been established.

In this study, we present structural, microstructural, geochronologic, and thermochronologic data from the
surface exposure of the MCT and its corresponding hanging wall and footwall rocks in the Republic of
Georgia. These data come specifically from two segments of the MCT separated by ~200 km along strike
and known locally as the Ushba and Gveleti shear zones (Figures 2 and 3). Both shear zones define the
southern margin of the crystalline core in the western Greater Caucasus and have been correlated to the sur-
face trace of the MCT (e.g., Leonov, 1967; Shempelev, 1978).

Our data indicate that these shear zones likely formed prior to Arabia-Eurasia collision and appear to have
played a relatively minor role in accommodating Cenozoic exhumation. U-Pb geochronologic analyses sug-
gest that the Greater Caucasus crystalline core is an Early Paleozoic peri-Gondwanan terrane accreted onto
the margin of Laurussia (Laurentia, Baltica, and Avalonia) during Late Paleozoic continental collision,
resulting in widespread low-pressure/temperature metamorphism and plutonism. YOAr/*Ar geochronology
and thermochronology, together with microstructural observations, indicate that the Ushba and Gveleti
shear zones formed during greenschist-facies deformation prior to Arabia-Eurasia collision. (U-Th)/He ther-
mochronologic analyses indicate at least ~5-8 km of Cenozoic exhumation of the Greater Caucasus crystal-
line core in response to Arabia-Eurasia collision. However, Cenozoic (U-Th)/He cooling ages are also
preserved in the footwall of the MCT, suggesting that a significant component of Cenozoic exhumation
was accommodated on structures south of, and structurally below, the MCT. Thus, the crystalline rocks
exposed in the hanging wall of the MCT appear to reflect the development of a backstop to the orogen in
the western Greater Caucasus, rather than the expression of an active surface trace of the basal
décollement that underlies the range.

2. Tectonic Setting

The present configuration of the Greater Caucasus is generally understood to result from Cenozoic closure of
a Mesozoic back-arc basin (the Caucasus Basin) between the Greater Caucasus Paleozoic basement to the
north and the Lesser Caucasus volcanic arc to the south during Arabia-Eurasia continental
collision (Figure 1; Adamia et al., 1977; Zonenshain & Le Pichon, 1986; Gamkrelidze, 1986). From north
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Figure 1. (a) Cross section showing major thrust faults in the Caucasus, including the Main Caucasus Thrust, modified from Trexler (2018). (b) Tectonic map of the
Caucasus, modified from Cowgill et al. (2016). MCT = Main Caucasus Thrust. The numbers in gray boxes indicate ages in Ma (compiled from methods and sources
in list below panel b) from Paleozoic crystalline rocks (Dzirula, Khrami, and Loki Massifs), Mesozoic sandstone (NEGC, GC41), and modern river sediment
(Enguri and Kumuk Rivers). U-Pb detrital ages are youngest single-grain ages from these studies. (c) Map of Arabia-Eurasia collision zone showing major structures
and approximate direction of plate motions relative to fixed Eurasia, modified from Cowgill et al. (2016). (d) Schematic maps illustrating key tectonic relationships
discussed in the text, including Carboniferous accretion of the Greater Caucasus basement to Laurussia, Jurassic-Cretaceous evolution of the Caucasus Basin,
and Miocene-Pliocene collision of the Greater (GC) and Lesser (LC) Caucasus. B-P = Bitlis-Pétiirge block; ATA = Anatolian-Tauride-Armenian block.

Carboniferous Jurassic-Cretaceous Miocene-Pliocene

to south, the major tectonic elements in the orogen relevant to this study are the Greater Caucasus Paleozoic
crystalline core of metasedimentary, meta-igneous, and igneous rocks; the MCT; the Paleozoic to Triassic
Dizi series of metasedimentary rocks; Mesozoic-Cenozoic clastic strata deposited in the Caucasus Basin;
and the Paleozoic crystalline massifs of the Lesser Caucasus Mountains (Figures 1 and 2).
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Figure 2. Map showing study areas (blue boxes) in the context of Paleozoic basement (red), the Paleozoic-Triassic Dizi series (brown), and modern volcanic centers
(yellow), together with (a) ecolgite garnet Lu-Hf and zircon U-Pb geochronologic analyses and (b) low-temperature thermochronometric helium and apatite
fission track analyses. Shading indicates the approximate location of the Blyb Metamorphic Complex (green) and Buulgen Metamorphic Complex (purple; Adamia
et al., 2011; Somin, 2011). Color indicates age population. Letters indicate analysis type. Symbol indicates publication source. Approximately located samples
indicated by “approx.”

2.1. Arabia-Eurasia Collision

The Arabian plate is currently converging relative to Eurasia at a rate of ~20-30 mm/year (Reilinger et al.,
2006). Between the Black and Caspian seas, the majority of the orogen-perpendicular component of this con-
vergence is accommodated within the Greater Caucasus, as indicated by seismicity (Jackson, 1992), geodetic
(Reilinger et al., 2006; Sokhadze et al., 2018), and geologic data (e.g., Adamia et al., 1977; Forte et al., 2010,
2014; Gamkrelidze, 1986; Mosar et al., 2010; Saintot, Brunet, et al., 2006). Timing of the onset of
Arabia-Eurasia collision due to closure of the Neotethys Ocean along the Bitlis-Zagros suture is poorly con-
strained but typically interpreted to have occurred between the Eocene and Miocene (e.g., Agard et al., 2005;
Hempton, 1985; McQuarrie & van Hinsbergen, 2013; Okay et al., 2010).

Final closure of the Caucasus Basin and collision between the Lesser and Greater Caucasus basements
occurred in the Miocene-Pliocene, causing accelerated exhumation and growth of the present-day Greater
Caucasus Mountains (Figure 1d; e.g., Mitchell & Westaway, 1999; Ershov et al., 2003; Mosar et al., 2010;
Avdeev & Niemi, 2011; Cowgill et al., 2016; Vincent et al., 2020), although Oligocene growth of the range
has also been argued for based on sedimentological data (Vincent et al., 2016, 2018). Present-day shortening
appears to be dominantly concentrated in a south-directed foreland fold-thrust belt that deforms
Mesozoic-Cenozoic strata along the southern margin of the Greater Caucasus in the Rioni, Kartli,
Alazani, and Kura basins, with north-directed deformation on the north side of the range restricted to the
central and eastern parts of the mountain belt (Figure 1b; e.g., Dotduyev, 1986; Banks et al., 1997; Mosar
et al., 2010; Forte et al., 2010, 2013, 2014; Adamia et al., 2011; Trexler, 2018).

2.2. The Greater Caucasus Crystalline Core

West of 45°E, the core of the Greater Caucasus is composed primarily of Paleozoic igneous and metamorphic
rocks exposed along and across strike for ~450 and ~50 km, respectively, that are typically inferred to
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Figure 3. Geologic maps and cross sections based on 1:25,000-scale field observations and prior mapping. (a) Nakra ridge in the Svaneti region from our work,
Gamkrelidze and Kakhazdze (1959), and Geguchadze et al. (1985). Area of detailed map is shown as black box in overview map. (b) Tergi River in the Kazbegi
region from our work, Gubkina and Ermakov (1989), and Avrahamov et al. (1983). In a and b, the white circles indicate photomicrographs (Figures 4 and S5), the
yellow symbols show radiometric analyses (Figures 5 and 6), and the purple circles indicate field photographs (Figures S2 and S3). U-Pb detrital ages are
maximum depositional ages (this study) or youngest single-grain age (NWGC); U-Pb igneous/metamorphic ages are crystallization ages. Stereograms show foliation
poles with Kamb contours in southern hemisphere projection (2o contour interval, significance level of 3) for the major lithologic units on which they are placed
and were generated using Stereonet v.10.1.0 (Allmendinger et al., 2011; Cardozo & Allmendinger, 2013).

represent the Greater Caucasus basement (Figures 1b and 2a; e.g., Adamia et al., 1977; Gamkrelidze, 1986;
Somin, 2011). This crystalline core contains widespread granitoid plutonic rocks with ages of ~330-310 Ma
that intrude Early-Middle Paleozoic metasedimentary and meta-igneous rocks (Figure 2a; Hanel et al.,
1992; Somin et al., 2006; Somin, 2011; Shengelia et al., 2014; Kamzolkin et al., 2019), and the southern
boundary of these crystalline rock exposures is commonly inferred to be a structural boundary, the MCT
(Figure 1b; e.g., Zaridze, 1959; Dotduyev, 1986; Mosar et al., 2010; Somin, 2011). The tectonic affinity and
deformation history of these crystalline rocks are key to understanding the Cenozoic assembly of the
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Greater Caucasus, as well as the Phanerozoic evolution of the southern margin of Eurasia, but controversies
remain regarding their age, evolution, and genesis (e.g., Mayringer et al., 2011; Somin, 2011; Ruban, 2013;
Stampfli, 2013).

Two suites of rocks, the Blyb and Buulgen Metamorphic Complexes, have been alternately interpreted as
Paleozoic sutures on the northern (Blyb; Mayringer et al., 2011; Somin, 2011) and southern (Buulgen;
Adamia et al., 2011) margins of the crystalline core (Figure 2a). The Blyb Metamorphic complex contains
garnet-whole rock Lu-Hf and Sm-Nd ages of ~330-300 Ma in eclogite, phengite “°Ar/**Ar ages of ~300 Ma
in a kyanite-phengite-quartz vein, and Paleozoic serpentinite (Figure 2a; Perchuk & Philippot, 1997;
Philippot et al., 2001; Somin, 2011). This high-pressure/temperature metamorphism and metamorphism
of ultramafic rocks suggest that a Carboniferous suture may lie on the northern edge of the Greater
Caucasus crystalline core (Figure 1d; Mayringer et al., 2011; Somin, 2011). In contrast, the Buulgen
Metamorphic Complex contains a suite of amphibolite, metapelitic schist, and orthogneiss that has been
interpreted as an ophiolitic accretionary complex (Figure 2a; Adamia et al., 2011; Stampfli, 2013), although
this interpretation has been disputed (Somin, 2011).

A key component of unraveling the tectonic history of the crystalline core is determining whether these
rocks originally formed on the margin of Gondwana and were accreted to the Laurussian East European
Craton or formed on the margin of Laurussia. Fossil assemblages in Silurian, Devonian, and
Carboniferous-aged sedimentary sequences on the northern flank of the Greater Caucasus but southeast
of the Blyb complex are similar to those seen in European rocks interpreted to have formed on the margins
of Gondwana prior to accretion to Laurussia (Kalvoda & Babek, 2010; Ruban et al., 2007). A previous zircon
U-Pb study of the crystalline core also noted the absence of Mesoproterozoic detrital zircons, which are also
lacking in Gondwana-derived European terranes (Somin, 2011), but this absence is not significant given the
low number of analyses (<35 grains/sample; Table S2 in the supporting information) and recent work on
analysis statistics (Pullen et al., 2014).

2.3. The Main Caucasus Thrust (MCT)

The MCT is an orogen-length (~1,000 km), south directed thrust that runs along the contact between crystal-
line rocks to the north and Caucasus Basin strata to the south in the western Greater Caucasus and within
Caucasus Basin cover strata in the eastern part of the range (Figure 1b; e.g., Zaridze, 1959; Dotduyev, 1986;
Mosar et al., 2010; Somin, 2011). Although the MCT is often assumed to be an important Cenozoic structure
(e.g., Dotduyev, 1986; Mosar et al., 2010; Philip et al., 1989; Reilinger et al., 2006), documenting the timing
and magnitude of possible Paleozoic, Mesozoic, or Cenozoic deformation along it is crucial for understand-
ing the role that this structure plays in the tectonic evolution of the Greater Caucasus orogen.

The precise location of the MCT is locally disputed or ambiguous. Where regional studies identify the trace
of the MCT, generally without supporting field data, there is considerable inconsistency. In the Kazbegi
region of Georgia (Figure 2), several early studies place the MCT along the Adaykom-Kazbek (or
Adaykomskiy) fault, which broadly juxtaposes the crystalline Gveleti and Dariali massifs to the north
against Caucasus Basin strata to the south (Leonov, 1967; Shempelev, 1978), whereas other studies place
the MCT on the Tiba fault ~20 km to the south (e.g., Rogozhin et al., 2015; Vincent et al., 2018). Likewise,
the location of the MCT is also disputed within the Caucasus Basin strata in eastern Greater Caucasus, with
some authors placing it within the main range (e.g., Mosar et al., 2010; Vincent et al., 2018) and others on the
Zangi fault farther to the south, at a major structural juxtaposition of differing Cretaceous facies (Cowgill
et al.,, 2018; Forte et al., 2015; Khain et al., 2007; Kopp & Shcherba, 1985). In the western Greater
Caucasus, the MCT footwall comprises either the Dizi series or Caucasus Basin strata, depending
on location.

2.4. The Dizi Series

The Dizi series is a spatially restricted sequence of tightly folded, Devonian to Triassic, greenschist-facies
metasedimentary rocks in the Svaneti region of Georgia (Figure 2a). This complex represents the only
pre-Jurassic rocks reported in the Greater Caucasus in the immediate footwall of the MCT and has been pre-
viously dated with detailed biostratigraphy (Adamia et al., 2011, and references therein). The Dizi series con-
sists primarily of slate and phyllite interbedded with minor quartzite, meta-conglomerate, marble, chert, and
volcaniclastic rocks that has typically been interpreted as part of a marine basin that predated formation of
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the Caucasus Basin (Adamia et al., 2011; Stampfli, 2013). The structural relationships between the Dizi series
and both the crystalline rocks to the north and the Mesozoic strata to the south remain unclear
(Somin, 2011).

2.5. The Caucasus Basin

The MCT footwall primarily comprises a Mesozoic-Cenozoic sequence of sedimentary and volcaniclastic
rocks deposited in the Caucasus Basin, which is inferred to have initially opened in the Early Jurassic
between the Greater Caucasus to the north and the Lesser Caucasus to the south (Figure 1; e.g.,
Zonenshain & Le Pichon, 1986; Saintot, Brunet, et al., 2006; Nikishin et al., 2011; Sosson et al., 2016).
These rocks are locally metamorphosed, with slate, phyllite, marble, and quartzite reported south of the
MCT in the western Greater Caucasus (e.g., Adamia et al., 1992). East of 45°E, where no crystalline core
is exposed, Jurassic basin strata also make up the crest of the Greater Caucasus (e.g., Nalivkin, 1976).
Mafic dikes of reported Early-Middle Jurassic age in Carboniferous crystalline rocks (e.g., Avrahamov
et al., 1983; Gubkina & Ermakov, 1989) have been interpreted to reflect rifting during opening of the
Caucasus Basin (Nikishin et al., 2011; Somin, 2000).

Possible Mesozoic deformation recorded in Caucasus Basin strata remains poorly understood. Angular
unconformities at the Triassic-Jurassic boundary (Nikishin et al., 2011) and throughout Middle Jurassic
strata of the Caucasus Basin (Egan et al., 2009; Leonov, 1969; Nikishin et al., 2011; Saintot, Brunet, et al.,
2006) have been viewed as possible indicators of tectonic shortening. North of the crystalline core, subsi-
dence modeling of well data and seismic sections from the Northern Caucasus basin likewise suggest periods
of uplift and erosion in the Late Triassic and Middle Jurassic, as well as at the Jurassic-Cretaceous boundary
(Ershov et al., 2003). These erosional events also correlate with reported regressions in the Caucasus Basin,
which may have been influenced by local tectonic uplift (Ruban, 2007).

2.6. Crystalline Massifs of the Lesser Caucasus Mountains

To the south of the Greater Caucasus (Figure 1b) lie the Jurassic-Cretaceous Lesser Caucasus volcanic arc
(e.g., Rolland et al., 2011), the deformed Cretaceous-Eocene Adjara-Trialet basin (e.g., Yilmaz et al., 2000),
and a series of exposures of Paleozoic crystalline rocks with diameters of ~10-50 km that include the
Dzirula, Khrami, and Loki massifs (e.g., Gemkrelidze et al., 2011). We broadly consider these tectonic units
as part of the geographic Lesser Caucasus Mountains and avoid the use of the term “Transcaucasus,” which
has been inconsistently applied to these and other tectonic features in the Caucasus region (Banks et al.,
1997; Forte et al., 2010). The crystalline massifs record magmatic events at ~540 Ma and ~480 Ma, as well
as low-pressure/temperature metamorphism and magmatism at ~340-310 Ma (Figure 1b; Gamkrelidze
et al., 2011; Mayringer et al., 2011; Rolland et al., 2011, Rolland et al., 2016). Given that similarly aged mag-
matic rocks have been reported in the Greater Caucasus (Figure 2a; Somin, 2011; Shengelia et al., 2014),
these massifs have been speculated to share a Paleozoic tectonic history with the Greater Caucasus crystal-
line rocks north of the MCT (Mayringer et al., 2011; Okay & Topuz, 2016), but this correlation is not univer-
sally accepted (e.g., Rolland et al., 2016).

3. Methods

We employed a variety of field methods, microstructural analysis, and geochronologic and thermochronolo-
gic techniques to better understand the affinity and deformation history of the southernmost contact
between Paleozoic crystalline rocks and Mesozoic metasedimentary and volcaniclastic strata in central
and western Georgia. This boundary is the most commonly defined location of the MCT in the western
Greater Caucasus (e.g., Dotduyev, 1986; Saintot, Brunet, et al., 2006; Somin, 2000). We focus our efforts
on two ~10-km-long traverses separated along-strike by ~200 km in the western Svaneti and eastern
Kazbegi regions of the Republic of Georgia (Figure 3). The MCT, as defined above, is represented on these
traverses by the Ushba shear zone in Svaneti and the Gveleti shear zone in Kazbegi (Trexler, 2018). For each
traverse, we present structural, microstructural, geochronologic, and thermochronologic analyses to under-
stand the tectonic affinity of rocks exposed in the hanging wall and footwall of the MCT, as well as the extent
and timing of quartz-plastic deformation and exhumation. We also provide additional analyses from the
broader Svaneti region from rock types not represented on the main traverse that bear on a broader under-
standing of the tectonic evolution of the region (Figure 3a).
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3.1. Structural Field Observations

‘We mapped major lithologic contacts at 1:25,000 scale, measured metamorphic foliation and lineation, and
collected samples for microstructural, geochronologic, and thermochronologic analyses along the ridgeline
between the Nenskra and Nakra Rivers in Svaneti and along the Tergi River in Kazbegi. Figure 3 shows geo-
logic maps of the two traverses derived from integrating our field observations with existing 1:50,000 and
1:200,000 scale maps (Avrahamov et al., 1983; Gamkrelidze & Kakhazdze, 1959; Geguchadze et al., 1985;
Gubkina & Ermakov, 1989), although we simplified stratigraphic subdivisions and ages due to inconsisten-
cies between published maps.

3.2. Petrographic and Microstructural Analysis

We use petrographic and microstructural analyses of deformed rocks in thin section to assess overall defor-
mation temperatures, as well as shear sense of ductile deformation, within the Ushba and Gveleti shear
zones (Table S1 and Figures 4 and S5). We estimate maximum temperatures of deformation using a combi-
nation of mineral assemblages and quartzo-feldspathic deformation fabrics. In our metapelitic samples, we
interpret metamorphic chlorite and biotite in the absence of higher-grade index minerals in metapelites to
represent greenschist facies metamorphic conditions, typically in the range of ~300-500 °C. We interpret
the presence of cordierite in these samples to be indicative of higher-grade, low-pressure/temperature
amphibolite facies conditions of ~500-700 °C (Holdaway & Lee, 1977; Spear & Cheney, 1989). In
quartzo-feldspathic rocks deformed at geological strain rates of ~10~** s™* to 107 s, quartz dynamically
recrystallizes at temperatures greater than ~300 °C, whereas feldspar tends to display dominantly brittle
deformation up to temperatures of ~500 °C (Hirth & Tullis, 1992; Pryer, 1993; Stipp et al., 2002a, 2002b;
Tullis & Yund, 1977). The mechanisms by which quartz dynamically recrystallizes change systematically
with increasing temperature, with bulging (BLG) and subgrain rotation (SGR) recrystallization dominant
between ~280 and 500 °C and grain boundary migration (GBM) dominant at greater than ~500 °C (Bailey
& Hirsch, 1962; Hirth & Tullis, 1992; Stipp et al., 2002b; White, 1977). We thus use the presence of brittle
feldspar deformation and quartz dynamic recrystallization mechanisms to provide additional constraints
on deformation temperature.

3.3. Zircon U-Pb Analysis

To provide provenance data and radiometric age control on rock units along the MCT, we performed
zircon U-Pb analyses on two igneous samples, five metasedimentary samples, and one mylonitic
sample of unknown protolith (Tables 1 and S3 and Figure 5). Analyses were conducted at the Arizona
LaserChron Center via laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) using
an Element2 HR ICPMS, following analytical procedures outlined by Gehrels et al. (2006, 2008) and
Gehrels and Pecha (2014). Additional details and weighted mean plots of crystallization, metamorphic,
and maximum depositional ages produced using IsoPlot (Dickinson & Gehrels, 2009; Ludwig, 2008)
are provided in the supporting information. We present resulting age distributions using both kernel
density estimation and probability density plots generated by the DensityPlotter software (Figures 5, 7,
and S8; Vermeesch, 2012). We also plot the combined results of Paleozoic-Jurassic Greater Caucasus
U-Pb analyses as a cumulative age distribution (CAD) using the provenance R package of Vermeesch
et al. (2016) to facilitate comparison with datasets from other regional source areas (Table S2 and
Figures 7 and S8).

3.4. Mica “°Ar/*Ar Geochronology/Thermochronology

To assess the timing of quartz-plastic deformation along the MCT, we conducted *“’Ar/*’Ar analyses on
one biotite and two muscovite separates from crystalline rocks in the Ushba (Svaneti traverse) and
Gveleti (Kazbegi traverse) hanging walls and shear zones (Tables 1 and S4 and Figure 6a). Analyses were
performed using a Nu Instruments Noblesse multicollector mass spectrometer at the Stanford University
Noble Gas Lab following analytical procedures outlined in Coble et al. (2011) and Benson et al. (2017).
Additional details are provided in the supporting information. Depending on textural evidence and qua-
litative estimates of peak temperature in the rocks, we interpret reported dates to reflect either mica
crystallization during shear zone formation or cooling of preexisting mica below the closure tempera-
tures of ~350 °C for biotite and ~425 °C for muscovite (Grove & Harrison, 1996; Harrison et al.,
2009). The **Ar/*’Ar ratios for each step serve as a proxy for Cl/K, allowing identification of potential
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Figure 4. Representative photomicrographs from the (a—-d) Svaneti and (e-h) Kazbegi traverses arranged from north (top)
to south (bottom); SZ denotes the Main Caucasus Thrust (MCT) shear zone. Photomicrographs are shown at the same
scale in either plane-polarized light (PPL) or cross-polarized light (CPL). Structural data for oriented photomicrographs
are shown in Table S1. (a) Paleozoic paragneiss (Pzgn) with cordierite (Crd) porphyroblasts partially altered to chlorite
(Chl). (b) MCT shear zone paragneiss that has been largely mylonitized to chlorite and muscovite (Ms) showing top-to-N
shear. (c) Jsl slate with quartz (Qz) containing little evidence for dynamic recrystallization. (d) Paleozoic metasedimentary
rocks (Pzms) with angular quartz clasts. (e) Carboniferous granodiorite (Cgd) with bulging (BLG) and subgrain

rotation (SGR) dynamic recrystallization in quartz and brittle deformation in plagioclase (P1). (f) Jurassic quartzite
(Jms) with BLG-SGR quartz dynamic recrystallization. (g) MCT shear zone mylonitic fabric defined by elongate muscovite
and quartz, with BLG-SGR quartz dynamic recrystallization and asymmetric quartz porphyroclasts showing top-to-S
shear. (h) Jsl slate with no significant dynamic recrystallization in quartz.

multiple contributing phases (McDougall & Harrison, 1999; Villa et al., 2000, 2014). We present plots of
step age and *®Ar/*Ar as a function of cumulative *’Ar gas released using the IsoplotR software
(Figure 6a; Vermeesch, 2018).
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Table 1
Summary of Geochronology and Thermochronology Results
Apatite
Full Zircon “0ar/* Ar Zircon fission Apatite
sample Tectonic ~ Latitude Longitude Elevation U-Pb total gas (U-Th)/He track age (U-Th-Sm)/
Sample number Lithology affinity (°N) (°E) (m) age (Ma)a age (Ma)b age (Ma)c (Ma)d He age (Ma)C
Svaneti Traverse
N1 C16014B Paragneiss ~ Basement 43.09180  42.29313 3,126 475.1 + 6.5 (D) - 19.1 +3.8 - 32+03°
N2 C16033B Quartzite Dizi 43.07594  42.28830 2,903 379.9 + 3.2 (D) - - - -
Series
N3 C16034B Quartzite Dizi 43.07898 42.29602 2,660 348.7 + 4.1 (D) - 31.2+27 - 45.7 + 20.9f
Series
N4 CT15004B Migmatite Basement  43.16139 42.40510 1,818 309.0 + 3.5 (M) = 38.7 £3.5 = 5.8+ 0.6
N5 100211-3A Quartzite Caucasus  43.01184  42.59156 1,352 271.5 + 3.5(D) - - - -
Basin
N6 C16019 Paragneiss Basement 43.08425 42.29470 2,889 - 133.8 + 3.5 (Ms) - - -
Kazbegi Traverse
K1 V16046D Granodiorite Basement 42.70967  44.62780 1,434 313.8 £2.5(C)  95.7 +2.5(Bt) 79+0.3 - 22+01
K2 V16052A/B Mylonite Basement 42.70667 44.63115 1,522 315.8 £3.2(C) 206.6 + 5.4 (Ms) 71+0.7 = 29+0.3
K3 100711-3 Quartzite Caucasus  42.71721 44.62712 1,416 196.6 + 2.7 (D) = = =
Basin
Unpublished data from Avdeev (2011)
AB0909 Granite Basement 43.24284  42.18634 2,400 - = 1150 +9.1 4.6+0.3 6.2+ 0.5
AB0938 Orthogneiss  Basement 42.73501 44.63095 1,300 = ° 8.2+1.0 2.7+04 3.2+0.5

#U-Pb crystallization (C), metamorphic (M), and maximum depositional (D) ages calculated using the weighted mean of the youngest population of >3 grains
that overlap at the 2o level (Dickinson & Gehrels, 2009). Errors reported at 20 level. Bt = biotite; Ms = muscovite. Errors reported at 1 standard error.

Errors reported at 1o level. °Sample mean age based on fewer than four individual apatite grain analyses. Standard error on replicate grain ages exceeds
25%.

3.5. Zircon and Apatite He Thermochronology and Thermal Modeling

We present new zircon and apatite helium thermochronology data for five samples to assess spatial patterns
of exhumation of the Greater Caucasus (Tables 1 and S5 and S6 and Figure 3). We also report previously
unpublished helium and fission track thermochronology data for two samples from Avdeev (2011)
(Tables 1 and S5-S7 and Figures 2 and 3). Additional details, including age corrections (Farley et al., 1996;
Ketcham et al., 2011) and diffusion models (e.g., Flowers et al., 2009; Guenthner et al., 2013), are provided
in the supporting information. Zircon (U-Th)/He (ZHe) ages are typically interpreted to represent cooling
below ~180 °C (Reiners et al., 2004), whereas apatite (U-Th-Sm)/He (AHe) ages correspond to cooling below
~70 °C (Farley, 2000). “He was measured at the University of Michigan Thermochronology Lab using an
Australian Scientific Instruments Helium Instrument (Alphachron) according to analytical procedures out-
lined in the appendix of Niemi and Clark (2018). Apatites were analyzed for U-Th-Sm content and zircons
for U-Th content at the University of Arizona Radiogenic Helium Laboratory according to procedures
described by Reiners and Nicolescu (2006). Three zircon and four apatite grains were analyzed per sample,
except in cases where insufficient suitable grains were present or additional grains were run to compensate
for low grain quality.

For samples with paired ZHe and AHe ages, we generated thermal history models using the QTQt software
(v. 5.7.0C) of Gallagher (2012) to investigate the time-temperature histories of the samples (Figures 6b and S9
and S10). For one sample (K1), we present an additional thermal model that also incorporates thermal con-
straints from a biotite *“’Ar/>’Ar total gas age on that sample, using the diffusion parameters provided by
Grove and Harrison (1996) to provide a first-order indication of the older/higher-temperature portion of
the thermal history.

4. Results

4.1. Svaneti Traverse (West)

4.1.1. Field Observations

Along the Nakra ridge in Svaneti, we map the north dipping MCT contact (Ushba shear zone) as the juxta-
position of cordierite-mica paragneiss (Pzgn) in the hanging wall to the north against north dipping black
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Figure 5. Kernel density estimates (KDEs—filled) and probability density plots (PDPs—outlines) on a logarithmic scale
from 100 to 4000 Ma for zircon U-Pb analyses from the Svaneti and Kazbegi traverses. Samples are colored according to age
and lithology (blue—Mesozoic metasedimentary; red—Paleozoic granitoid; brown—Paleozoic metasedimentary;
orange—Paleozoic paragneiss; gray—mylonite). Circles indicate individual U-Pb analyses. The red bars show
approximate depositional ages from Avrahamov et al. (1983) and Geguchadze et al. (1985). Original field sample numbers
are followed by the number (n) of dates in parentheses (analyses accepted/total analyses performed).

slate (Jsl) in the footwall to the south (Figures 3a, 4a-4c, and S2a-S2c). The slate is juxtaposed to the
south against a heterogeneous package of tightly folded, steeply north-northeast to south-southwest
dipping quartzite, slate, and marble (Pzms), previously mapped as part of the Paleozoic-Triassic Dizi
series (Figures 4d and S2d; Gamkrelidze & Kakhazdze, 1959; Geguchadze et al., 1985). It is unclear if
the slate-Dizi series contact is depositional or a fault. In the hanging wall of the Ushba thrust, foliation
attitudes in the paragneiss are variable but generally dip moderately to the northeast (Figures 3a and
S4a). The Ushba shear zone is ~110 m thick in the hanging wall above the contact with the black slate
(Jsl). Within this zone, foliation attitudes dip shallowly to the north, parallel to foliation in the
underlying slate (Figures S4b and S4c). The paragneiss is mylonitized within the shear zone and hosts
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Figure 6. (2) “Oar/%Ar step-release plots for muscovite and biotite analyses of samples N6, K1, and K2. The top panels show “0ar/*%Ar age, and the bottom panels
show *®Ar/*°Ar (taken as a proxy for Cl/K as explained in the text) vs. the cumulative fraction of 3 Ar released in a given step. Uncertainties are 1o on plots

of step ages. (b) QTQt thermal models of zircon (U-Th)/He and apatite (U-Th-Sm)/He data from samples N1, N4, and K1, as well as a second model of K1 incor-
porating biotite “Oar/*Ar (BtAr) data with (U-Th)/He data. The blue boxes show thermal steps of lowest probability; the red boxes show steps of highest prob-
ability. The black line shows expected thermal model with 95% confidence envelope (see the supporting information for details).

an elevated concentration of quartz-calcite veins. Sparse mineral lineations trend north-northeast within
the shear zone, in contrast to east-northeast in the overlying non-mylonitized paragneiss (Figures S4a
and S4b).

4.1.2. Petrographic and Microstructural Analysis

Outside of the shear zone, the paragneiss consists of quartz, muscovite, and biotite, with limited cordierite
porphyroblasts that are partially altered to chlorite and sericite (Figure 4a). Dynamically recrystallized
amoeboid quartz grains ~100-200 um in diameter indicate GBM recrystallization (Figure S5a). Rocks within
the shear zone primarily contain quartz, sericite, chlorite, and brown mica and show evidence for bulging
(BLG) quartz dynamic recrystallization with grain size <30 um (Figures 4b and S5b). Asymmetric indicators
of shear sense are inconsistent; a single sample within the shear zone contains an S/C fabric with
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Figure 7. Zircon U-Pb ages plotted as kernel density estimation (KDE, top)
and cumulative age distribution (CAD, bottom) curves showing similarity
between the Greater Caucasus (red), Gondwana (dark green), and
peri-Gondwanan terranes accreted to Laurussia (light green), all of which
differ from Laurussia (purple). The green bars on the KDE indicate
characteristic Gondwanan peaks that are well represented in the Greater
Caucasus and poorly represented in Russian rivers. The purple bar on the
KDE marks Laurussian peaks that are largely absent from the Greater
Caucasus and Gondwanan sources. Curves show zircon U-Pb ages com-
bined from Paleozoic-Jurassic samples in the Greater Caucasus (this study
combined with Allen et al., 2006; Somin, 2011; Shengelia et al., 2014;
Cowgill et al., 2016; Table S2), modern Russian rivers (Safonova et al., 2010;
Wang et al., 2011) representing the East European Craton and Laurussia,
modern African rivers (lizuka et al., 2013) representing Gondwana, and
Neoproterozoic-Early Paleozoic rocks of the Bohemian Massif and
Armorican quartzite (Bahlburg et al., 2010; Drost et al., 2011; Shaw et al.,
2014) representing peri-Gondwanan terranes. KDEs are plotted as in
Figure 5 but on a linear scale from 400 to 4,000 Ma to highlight
pre-Carboniferous histories. The CAD is plotted on a linear scale and only
includes ages >400 Ma.

top-to-the-north (normal) shear sense (Figure 4b), whereas mica fish in
samples outside of the high-strain shear zone suggest top-to-the-west
(reverse) sense of rotation (Figure S5a). In the footwall, slate in unit Jsl
consists of fine quartz, graphite, and minor muscovite. Within unit
Pzms, quartzite contains quartz with minor plagioclase and muscovite,
and marble consists of polysynthetic-twinned calcite and minor musco-
vite. Quartz grains in both footwall units Jsl and Pzms show no evidence
of significant dynamic recrystallization, though the rocks do exhibit clear
foliation in both outcrop and thin section (Figures 4c and 4d).

4.1.3. Zircon U-Pb Geochronology

We report zircon U-Pb analyses from five samples in the vicinity of the
Ushba thrust (N1 and N4 in the hanging wall and N2, N3, and N5 in the
footwall; Tables 1 and S3 and Figures 3a and 5). Detrital zircon analysis
of hanging wall paragneiss (Pzgn sample N1) at Nakra ridge yields an
Ordovician maximum depositional age of 475.1 + 6.5 Ma, with significant
age peaks at ~560 and ~620 Ma and a range of older ages up to ~3 Ga
(Table 1 and Figures 5 and S7). Two quartzite samples from footwall unit
Pzms along the Nakra ridge yield Devonian and Carboniferous maximum
depositional ages of 379.9 + 3.2 Ma (sample N2) and 348.7 + 4.1 Ma (sam-
ple N3), respectively, consistent with prior assignment of this unit to the
Dizi series. Additional significant age peaks are at ~480, ~560, and
~620 Ma, along with older ages up to ~3 Ga.

At the head of the Nakra valley, approximately ~10 km to the northeast of
the Nakra ridge traverse, a migmatite within the hanging wall paragneiss
(sample N4) contains a population of zircon grains with cores of lower
U/Th ratio with ages that range from ~350 Ma to ~2.3 Ga and rims that
contain high U/Th ratios (>100) dated to 309.0 + 3.5 Ma (Table S3 and
Figures 3a, 5, and S6). We were unable to date unit Jsl in the footwall
on the Nakra ridge due to the lack of zircon in these rocks. However,
quartzite (sample N5) collected from reported Early Jurassic sandstone
(Gamkrelidze & Kakhazdze, 1959; Geguchadze et al., 1985) in the
Enguri valley, ~30 km east of the Nakra ridge, yields a Permian maximum
depositional age of 271.5 + 3.5 Ma (Figures 3a, 5, and S7). Significant age
peaks include ~300, ~320, ~380, and ~435 Ma, with older ages ranging up
to ~2.5 Ga. All five samples show a pronounced lack of detrital zircon ages
between ~1.1 and 1.7 Ga.

4.1.4. Mica *’Ar/**Ar Geochronology/Thermochronology

“OAr/*Ar analysis of muscovite collected from paragneiss within the
shear zone and ~25 m horizontally north of the Pzgn-Mzsl contact (sam-
ple N6) yields a complicated age spectrum, with a total gas age of
133.8 + 3.5 Ma (Tables 1 and S4 and Figures 3a, 6, and S5c). Steps with
ages older than 130 Ma comprise >80% released *’Ar and yield ages
broadly between ~135 and ~150 Ma with generally consistent **Ar/**Ar
(0.05 and 0.06); younger steps contain significantly higher **Ar/**Ar
(>0.08). The complexity of the age spectra prevents calculation of a clear
plateau age by conventional metrics, which typically require that at least
50% of the released *’Ar corresponds to ages indistinguishable at the 20
level (Table S4 and Figure 6a; Dalrymple & Lanphere, 1974; McDougall
& Harrison, 1999). Although the step ages >130 Ma in this sample are
variable, they define a restricted age range of ~15 million years. The
CI/K values indicated by the **Ar/*’Ar measurements for these steps are
similar and suggest minimal contamination by additional phases (Villa
et al., 2014).
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4.1.5. He Thermochronology and Thermal Modeling

Paired ZHe and AHe analyses from hanging wall paragneiss (N1) on the Nakra ridgeline yield ages of
19.1 + 3.8 Ma and 3.2 + 0.3 Ma, respectively (Tables 1 and S5 and S6 and Figure 3a). Thermal history mod-
eling of the data from this sample (N1) using QTQt predicts cooling of ~20 °C/Myr starting from ~200-160 °C
to surface temperatures over the last ~8-10 million years (Figure 6b). A second set of paired analyses from a
migmatite (N4) in the MCT hanging wall in the Nakra valley, ~2 km horizontally north of the Ushba shear
zone, yields ZHe and Aghe ages of 38.7 + 3.5 Ma and 5.8 + 0.6 Ma, respectively. Thermal history models of
this sample (N4) indicate a period of negligible cooling or isothermal holding at ~110 °C from ~35 to 10 Ma,
after which cooling accelerated to ~11 °C/Myr. Although the onset of accelerated cooling is similar for both
models (~10 Ma), the younger ZHe age for N1 results in a post-10 Ma cooling rate that is about twice as fast as
N4. Footwall quartzite (N3) ~1 km horizontally south of the Ushba shear zone on the Nakra ridge yields a
ZHe age of 31.2 + 2.7 Ma. AHe analyses from this sample yielded five individual grain ages ranging from
~9 to ~126 Ma, and the standard error on replicate grain ages exceeds 25%, indicating that the mean age is
not statistically significant (Tables 1 and S6). Thermal models that include only the ZHe age of sample N3
are not well constrained enough to be geologically meaningful.

4.2. Kazbegi Traverse (East)

4.2.1. Field Observations

Along the Tergi River, the MCT (Gveleti shear zone) divides the Kazbegi map area into a southern domain of
slate with minor quartzite and marble (Jsl) and a northern domain consisting of two exposures of granodior-
ite (Cgd) intruded by mafic dikes and separated by a metasedimentary unit (Jms) comprising quartzite,
metaconglomerate, and metavolcanic rocks (Figures 3b and S3). The northern and southern crystalline
bodies are the Dariali and Gveleti massifs, respectively. Foliation north of the Gveleti shear zone alternates
between dipping steeply north and south, with south dips dominant (Figures S4e and S4f). The Gveleti shear
zone is ~125 m thick north of the Cgd-Jsl contact and is characterized by mylonitization of the granodiorite,
hydrothermal alteration, quartz veins, sparse down-dip lineations, and a dominantly steeply north-northeast
dipping foliation that persists into the Jsl slate in the footwall (Figures 3b, 4g, S3a, and S4g and S4h.

4.2.2. Petrographic and Microstructural Analysis

Cgd granodiorite consists dominantly of quartz, plagioclase, highly-deformed biotite, and hornblende, with
minor K-feldspar, chlorite, and sericite (Figure 4e). Metamorphosed mafic dikes within Cgd consist primar-
ily of plagioclase, actinolite, epidote, and chlorite. Intervening Jms quartzite and metaconglomerate between
the Dariali and Gveleti massifs consist dominantly of quartz, with minor muscovite in the quartzite
(Figure 4f). Within Cgd and Jms, quartz grains have been dynamically recrystallized via bulging (BLG)
and subgrain rotation (SGR), with recrystallized grain sizes of ~20-50 um (Figures 4e-4g). Feldspar in the
granodiorite is not dynamically recrystallized and shows evidence for brittle fracture (Figure 4¢). Mylonite
in the core of the shear zone consists primarily of quartz, white mica, and chlorite, with minor epidote,
brown mica, and plagioclase (Figure 4g). Textural indications of original rock protolith have been largely
erased. Some larger quartz and feldspar porphyroclasts contain asymmetric mantles indicating a
top-to-the-south (reverse) shear sense (Figure 4g). Jsl slate to the south of the Gveleti thrust is foliated and
contains quartz, graphite, minor chlorite, and minor muscovite; the quartz is angular and shows no evidence
of dynamic recrystallization (Figure 4h).

4.2.3. Zircon U-Pb Geochronology

Hanging wall granodiorite (sample K1) yields a Carboniferous zircon U-Pb crystallization age of
313.8 + 2.5 Ma, with a small number of inherited older zircon cores (Tables 1 and S3, and Figures 3b, 5,
and S6 and S7). A large-n analysis of a shear zone mylonite (sample K2) of texturally ambiguous protolith
(Figure 4g) yields a single-age peak of 315.8 + 3.2 Ma, which is statistically equivalent to that of sample
K1. Detrital zircon analysis of quartzite (sample K3) from unit Jms between the two granodiorite exposures
produces an Early Jurassic maximum depositional age of 196.6 + 2.7 Ma. Major age peaks occur at ~240,
~310, and ~330 Ma, with older ages up to ~2.7 Ga. This sample contains very few detrital zircons between
the ages of ~1.1 and 1.7 Ga.

4.2.4. Mica *°Ar/*Ar Geochronology/Thermochronology

“OAr/* Ar analysis of biotite from the granodiorite (K1) yields a staircase-pattern age spectrum with step ages
ranging from ~25 to 140 Ma and a total gas age of 95.7 + 2.5 Ma (Tables 1 and S4, and Figures 3b, 6a, and
S5d). *8Ar/* Ar ratios are generally clustered between ~0.012 and ~0.014, with the youngest steps exhibiting
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slightly higher ratios, up to ~0.022. Muscovite defining the foliation within the Gveleti shear zone (K2;
Figure S5e) produces a complicated age spectrum with a total gas age of 206.6 + 5.4 Ma. Initial steps system-
atically increase from ~90 to ~220 Ma and remaining steps range between ~190 and ~230 Ma. Steps younger
than 140 Ma contain **Ar/*°Ar ratios >0.02, whereas older steps consistently range from ~0.012 to 0.014. Age
spectra for both samples fail to define a conventional plateau age, but more than 80% of the released FAr
defines an age range of ~35 million years, and BAr/*Ar ratios suggest minimal contamination of
these steps.

4.2.5. He Thermochronology and Thermal Modeling

In Kazbegi, paired ZHe and AHe analyses from granodiorite ~200 m north of the Gveleti thrust (K1) yield
ages of 7.9 + 0.3 Ma and 2.2 + 0.1 Ma, respectively (Tables 1 and S5 and S6, and Figure 3b). Equivalent
analyses from mylonitic shear zone sample K2 yield an overlapping ZHe age of 7.1 + 0.7 Ma and slightly
older AHe age of 2.9 + 0.3 Ma. Modeling of K1 data predicts rapid cooling at ~28 °C/Myr since ~9 Ma from
~250 °C; the late Miocene ZHe ages preclude resolution of the thermal history prior to this time (Figure 6b).
A second model of K1 incorporating the ~96 Ma biotite “°Ar/>’Ar total gas age suggests that temperatures
were unlikely to have exceeded ~300 °C since ~90 Ma, with rapid cooling at ~28 °C/Myr since ~10 Ma from
~280 °C. Modeling of K2 indicates cooling at ~31 °C/Myr since ~8 Ma from ~250 °C (Figure S9).

4.3. Combined Greater Caucasus U-Pb Geochronology

To establish the tectonic affinity of Paleozoic-Jurassic rocks exposed in the Greater Caucasus (Figures 7 and
S8), we combine the 1,762 zircon U-Pb ages from this study with previously reported ages from crystalline
basement rocks (Figure 2a; Somin, 2011; Shengelia et al., 2014), Mesozoic sandstone samples (GC41,
NWGC, and NEGC; Figures 1b and 3a; Allen et al., 2006; Cowgill et al., 2016), and modern rivers draining
the Greater Caucasus (Enguri, Kumuk; Figure 1b; Cowgill et al., 2016). Distinct age peaks in this compila-
tion occur at ~240, ~310, ~380, ~480, ~560, and ~630 Ma, with subordinate older peaks at ~800 Ma,
~1 Ga, ~1.8 Ga, and ~2.5 Ga. Ages between ~1.1 and ~1.7 Ga are poorly represented, which is also indicated
by the nearly flat slope of the cumulative area distribution (CAD) curve during this time interval (Figure 7).

5. Discussion

5.1. Age and Tectonic Affinity of the Greater Caucasus Basement

Previous faunal and detrital zircon U-Pb analyses have been interpreted to reflect that the Greater Caucasus
crystalline core formed on the northern margin of Gondwana prior to accretion to Laurussia (Ruban et al.,
2007; Somin, 2011). Our new zircon U-Pb analyses support a Gondwanan tectonic affinity for the Greater
Caucasus. First, the combined pre-400 Ma zircon U-Pb ages for the Greater Caucasus do not match those
of the modern Don, Volga, and Dneiper rivers currently draining the East European Craton (EEC). The zir-
con spectra derived from the EEC can reasonably be expected to represent the signature of Laurussia
(Figure 7; Safonova et al., 2010; Wang et al., 2011). EEC-draining rivers are missing the significant age peak
of 650-500 Ma grains pervasive in the Greater Caucasus, whereas grains with ages of 1.7-1.1 Ga found in
these rivers are largely absent from the basement of the Greater Caucasus. Second, the grains with ages of
650-500 Ma found in samples from the Greater Caucasus are characteristic of rivers draining cratonic pro-
vinces of Gondwanan affinity in Africa (Iizuka et al., 2013). These African rivers also lack the grains with
ages of 1.7-1.1 Ga typical of the East European Craton and contain age peaks around 2 and 2.5 Ga that
are consistent with ages seen in the Greater Caucasus. Third, the zircon spectra of pre-400 Ma grains from
the Greater Caucasus match the detrital zircon signatures of Late Proterozoic to Early Paleozoic sedimentary
rocks in the Bohemian Massif of Central Europe and the Armorican Quartzite of Spain (Bahlburg et al.,
2010; Drost et al., 2011; Shaw et al., 2014), both of which are widely viewed as Gondwana-derived units that
accreted onto the Laurussian margin (Matte, 2001; Nance et al., 2010; Stampfli et al., 2013).

The Greater Caucasus also appears to share an Early Paleozoic tectonic affinity with the crystalline massifs
of the Lesser Caucasus Mountains to the south. The ~540-Ma age of Cambrian intrusion in the Dzirula
Massif is consistent with the major peak at ~650-500 Ma seen throughout the Greater Caucasus in this study
(Figures 1b and 7; Mayringer et al., 2011). Additionally, an ~480-Ma peak observed in the Greater Caucasus
zircon age spectra corresponds with an ~480-Ma magmatic signal reported in the Khrami Massif (Figures 1b
and 7; Rolland et al., 2016). Crystallization ages of ~535-525 Ma and ~480-440 Ma comparable to those seen
in the Dzirula and Khrami massifs have also been previously reported for igneous rocks farther to the north

VASEY ET AL.

15 of 26



Ay

MI Tectonics 10.1029/2019TC005828
Gondwana Caucasus e Baltica
Arc Magmatism f
~480 Ma ?
Ordovician
Gondwana C%lfz(f?gilsjii Laurussia
""‘380-350 Ma Arc Magmatlsmv
Devonian-Carboniferous Caucasus  Laurussia
High PIT

Low P/T  Metamorphism

Gondwana etamorphism
~330-300 Ma PI‘utomsm

Carboniferous
Greater Caucasus
Basement L i
. . Lesser . aurasia
Africa/Arabia B-P/ATA Caucasus C?;:,-f,us ) Fea
I::\/ —C = Multi’Phase

iti-Phase . —
~190-135 Ma B oome?  atamorphiom
Jurassic-Cretaceous

Greater Caucasus-

~ 200 km ~10-5 Ma Arabia B.p/ATA “Crama  Eurasia
veArEE;‘I):gS?e‘Xaqzn Miocene'Pliocene Exhumation

Bitlis-Zagros
Suture
(Eocene-Miocene)

Sevan Suture
(Cretaceous-Paleocene)

Figure 8. Schematic cross sections illustrating our preferred Phanerozoic tectonic evolution of the Greater Caucasus. The Caucasus rifted from Gondwana around
the Ordovician (~480). The Dizi Basin opened within the Caucasus by the Devonian (~380 Ma). South directed subduction led to Carboniferous accretion of the
Caucasus on the Laurussian margin (~330-300 Ma). Mesozoic changes in subduction dynamics within the Tethyan system caused alternating periods of rifting and
basin inversion within the Caucasus Basin (~190-135 Ma), with the former separating the Lesser and Greater Caucasus basements and the latter likely resulting in
formation of the Main Caucasus Thrust (MCT). The Miocene-Pliocene (~10-5 Ma) closure of the Caucasus Basin, collision between the Lesser and Greater
Caucasus, and rapid exhumation of the Greater Caucasus basement occurred following the Eocene-Miocene collision of Arabia with the
Anatolian-Tauride-Armenian (ATA) block and the Bitlis-Pétiirge (B-P) block (Cowgill et al., 2016).

of our study area in the Greater Caucasus (Figure 2a; Somin, 2011). These ages of ~650-500 Ma and ~480 Ma
correspond to similar ages in Gondwana-derived terranes in Central Europe and the Pontides that have been
interpreted to represent orogeny and rifting on the Gondwanan margin (Linnemann et al., 2008; Nance
et al., 2010; Okay et al., 2008). The Greater Caucasus and Lesser Caucasus contain zircon populations similar
to those in Central Europe and the Pontides that likely reflect early Paleozoic orogenesis and rifting along
the Gondwanan margin (Figure 8).

Maximum depositional ages of 379.9 + 3.2 Ma (N2) and 348.7 + 4.1 (N3) for samples purported, based on
existing geologic mapping, to be from the Dizi series in Svaneti overlap with previously reported
Silurian-Devonian and Carboniferous-Triassic biostratigraphic depositional ages for the same strata
(Table 1 and Figure 5; Geguchadze et al., 1985). We interpret these maximum depositional ages as true
Devonian (N2) and Early Carboniferous (N3) depositional ages, given their correspondence with biostrati-
graphic ages and their lack of zircon grains with ages of ~330-310 Ma (Middle-Late Carboniferous) that
are prevalent in post-Carboniferous metasedimentary rocks reported in our study (i.e., N5 and K3;
Figure 7). These Dizi series samples are similar to crystalline samples from the Svaneti traverse (N1 and
N4), in that they also contain prominent age peaks at ~650-500 Ma and lack numerous grains between
~1.7 and 1.1 Ga. This zircon spectra fingerprint indicates that the Dizi series also shares a tectonic affinity
with the northern Gondwana margin rather than the East European Craton.

5.2. Paleozoic Deformation in the Greater Caucasus

Rocks of the MCT region from this study record an amphibolite-facies metamorphic event preserved in the
hanging wall of the Ushba shear zone along the Nakra ridge in Svaneti that likely dates broadly to ~330-
310 Ma. In detail, this high-grade event is represented by cordierite-mica paragneiss (sample N1 from unit
Pzgn) with GBM dynamic recrystallization and minor garnet-bearing granitoid intrusions (Figures 4a and
S5a). These mineral assemblages and recrystallization textures indicate deformation at temperatures greater
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than ~500 °C, and the presence of cordierite in particular suggests a low-pressure/temperature metamorphic
event comparable to the ~330-Ma episode reported in the Dzirula and Khrami massifs (Mayringer et al.,
2011; Rolland et al.,, 2016). The variable, moderately north to northeast dipping foliation in the
amphibolite-grade paragneiss contrasts with the shallow, north dipping foliation seen in the Ushba shear
zone and slate (Jsl) to the south (Figures 3a and S4a-S4c). We interpret this variably oriented foliation to
represent the amphibolite-facies event. Migmatite in the Nakra valley (N4) contains ~310 Ma zircon rims
with U/Th ratios >100, suggesting metamorphic zircon growth on older detrital cores of originally igneous
zircon during low-pressure/temperature, amphibolite-facies metamorphism and partial melting of the para-
gneiss protolith at roughly this time (Table S3 and Figure S6; Vavra et al., 1996; Rubatto et al., 2009; Rubatto,
2017). Amphibolite-facies metamorphism of the Ushba hanging wall at ~310 Ma is coeval with a major
phase of granitoid intrusion at ~330-310 Ma seen throughout the western Greater Caucasus and the
Dzirula and Khrami Massifs of the Lesser Caucasus Mountains (Figures 1b and 2; Gamkrelidze et al.,
2011; Mayringer et al., 2011; Somin, 2011; Shengelia et al., 2014; Rolland et al., 2016).

Along the Kazbegi traverse, this magmatic event at ~330-310 Ma is indicated by the ~315-Ma unimodal age
peaks in the both the granodiorite in the MCT hanging wall (K1) and the Gveleti (MCT) shear zone (K2;
Table 1 and Figure 5). We infer that the protolith of the shear zone mylonite (K2) was hanging wall grano-
diorite, based on the single-age peak resulting from analysis of more than 300 zircon grains. Although sam-
ple K2 lacks coarse biotite and plagioclase present in sample K1, K2 contains white mica, chlorite, epidote,
brown mica, and minor microcrystalline plagioclase (~20 to 30um in diameter) that we interpret as a retro-
grade metamorphic assemblage of the granodiorite.

The metamorphic and igneous zircon ages of ~330-310 Ma in the Greater Caucasus crystalline core and
numerous detrital zircons in post-Carboniferous metasedimentary rocks (N5 and K3) correspond with the
age of high-pressure/low-temperature metamorphism of eclogite at ~330-300 Ma in the Blyb
Metamorphic Complex on the northern flank of the Greater Caucasus (Figures 2a and 5; Perchuk &
Philippot, 1997; Philippot et al., 2001). Given that low-pressure/temperature metamorphism and plutonism
at ~330-310 Ma have also been observed in the Lesser Caucasus massifs, this late Carboniferous deformation
likely took place during accretion of both the Greater Caucasus basement and the crystalline massifs of the
Lesser Caucasus Mountains onto the Laurussian margin to the north, with the Blyb complex representing a
suture zone formed at that time (Figures 1d and 8). Accretion of the Caucasus onto the Laurussian margin
prior to the Ordovician is precluded by the prominence of zircons with ages of 650-500 Ma and absence of
zircons with ages of 1.7-1.1 Ga in paragneiss sample N1, which has a maximum depositional age of
~480 Ma. Similar patterns in the age spectra from Devonian-Carboniferous rocks of the Dizi series likewise
suggest derivation of the Dizi series from Gondwana, rather than the Laurussian margin (Figure 7).

Detrital zircons ranging in age from ~380 to 350 Ma are found in all metasedimentary rocks in this study
(Figure 5) from the Paleozoic Dizi series (N2 and N3) and from the Jurassic Caucasus Basin strata (N5
and K3). Additional detrital zircons and igneous rocks with ages of ~380 to 350 Ma have also been reported
in the crystalline core of the Greater Caucasus (N4; Figure 2a; Somin, 2011). We interpret these zircons with
ages of ~380-350 Ma to reflect likely south-directed Devonian-Carboniferous subduction and arc magmatism
beneath the Caucasus prior to accretion on the Laurussian margin (Figure 8). In this scenario, the Dizi series
may have been deposited in a minor back-arc basin forming between the Greater and Lesser Caucasus dur-
ing this time (Figure 8). Northward subduction beneath the Caucasus could also be responsible for arc mag-
matism and back-arc basin formation (e.g., Adamia et al., 2011), but “°Ar/*°Ar ages of 303-269 Ma from the
Lesser Caucasus crystalline massifs have been interpreted to reflect the onset of north directed subduction
following accretion (Figure 8; Rolland et al., 2011).

There may be an additional suture between the Greater Caucasus basement and the massifs of the Lesser
Caucasus Mountains that formed prior to Carboniferous accretion onto the Laurussian margin, though
we cannot resolve this with current data. The Buulgen Metamorphic Complex to the northwest of the
Dizi series has been proposed as an ophiolitic complex (Figure 2; Adamia et al., 2011) that could define a
Paleozoic suture between the Greater and Lesser Caucasus due to closure of the Dizi basin (Stampfli,
2013). However, Somin (2011) argued that the Buulgen complex may not be a true ophiolite due to the rela-
tive paucity of ultramafic rocks, the abundance of siliciclastic metasedimentary rocks, and overall dioritic
composition of the magmatic rocks. The lack of high-grade metamorphism or Paleozoic magmatism in
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Devonian-Carboniferous rocks of the Dizi series (N2-3) also suggests that convergence and/or crustal short-
ening across such a suture may have been relatively minor, although the size and tectonic history of the Dizi
basin remain poorly understood.

5.3. Mesozoic-Early Cenozoic Formation of the Main Caucasus Thrust

In Svaneti, rocks in the Ushba shear zone exhibit BLG (~280-400 °C; Stipp et al., 2002b) dynamic recrystal-
lization, along with S/C fabrics in which chlorite and muscovite dominantly define the S-bands (Figures 4b
and S5b). Higher-temperature GBM dynamic recrystallization and amphibolite-facies mineral assemblages
are confined to paragneiss north of the shear zone (N1; Figures 4a and S5a). We interpret these higher-grade
fabrics and assemblages to reflect the Carboniferous accretion of the Greater Caucasus onto the Laurussian
margin at ~330-310 Ma, given the ~310-Ma metamorphic overgrowths in migmatite sample N4 and the lack
of younger metamorphic zircon rims in these samples. In Kazbegi, rocks in the hanging wall of the Gveleti
shear zone contain transitional BLG-SGR (~400 °C) dynamic recrystallization (K1-K3; Figures 4e-4g), with
asymmetric quartz porphyroclast mantling confined to the shear zone (K2; Figure 4g). No indications of
amphibolite-facies deformation are seen along this traverse. As a result, we conclude that
amphibolite-facies metamorphism and deformation predate formation of the MCT shear zone, which was
formed during later greenschist-facies (~300-500 °C) metamorphism.

Along the Svaneti traverse, we interpret *°Ar/*° Ar results from muscovite sample N6 within the Ushba shear
zone to indicate that the MCT formed around ~150 to 135 Ma, based on the age range of steps with similar
¥ Ar/* Ar values (Figure 6a). The analyzed muscovite is generally part of the main foliation, suggesting that
it crystallized during formation of the Ushba shear zone. However, Mesozoic-Cenozoic cooling of relict mus-
covite below the ~425 °C *°Ar/*’Ar closure temperature cannot be ruled out (Harrison et al., 2009), given
that muscovite also defines the older high-grade foliation in the paragneiss protolith to the north
(Figures S5a and S5¢).

Along the Kazbegi traverse, steps with similar **Ar/*’Ar values in sample K2 of fine-grained (45-300 um)
muscovite defining the foliation of the Gveleti shear zone yield ages of ~230-190 Ma (Figures 6a, 4g, and
S5e). Zircon U-Pb analyses indicate that the protolith of sample K2 is likely igneous and formed at
~315 Ma (Figure 5), and there is no evidence for muscovite in samples of the protolith preserving igneous
textures (K1; Figure 4e). As a result, we interpret these ages to reflect mica crystallization during shear zone
formation rather than later resetting of the muscovite *°Ar/*’Ar system. However, BLG-SGR (~400 °C)
quartz dynamic recrystallization of sample K3 in unit Jms with a maximum depositional age of ~197 Ma
clearly indicates that at least some component of quartz-plastic deformation took place in Kazbegi in the
Early Jurassic or later (Figure 4f). We see two possible scenarios to reconcile these data.

The structurally simplest scenario is that the MCT formed in the Early Jurassic or perhaps later (i.e., after
197 Ma max deposition of sample K3), with the older *°Ar/*°Ar steps in sample K2 reflecting relict musco-
vite, contamination by additional phases, or excess argon rather than MCT formation. The consistent
*¥Ar/* Ar values in sample K2 suggest minimal contamination by other phases, and we have observed no
igneous muscovite in the likely protolith of sample K2 (Cgd; K1). The saddle-shaped age spectrum seen in
sample K2 is often interpreted to reflect excess argon in biotite, feldspar, hornblende, and pyroxene (e.g.,
Kelley, 2002; McDougall & Harrison, 1999). If sample K2 contains excess argon, then the youngest age steps
(~195 Ma) would provide only a maximum age of MCT formation. However, in muscovite, the youngest
steps in saddle-shaped spectra have also been argued to reflect partial recrystallization of older muscovite
during subsequent deformation events rather than excess argon (e.g., Alexandrov et al., 2002; Cheilletz
et al., 1999).

Thus, an alternate scenario is that there were two quartz-plastic deformation events at Kazbegi, the first in
the Triassic-Early Jurassic to form the MCT and older “°Ar/**Ar steps in sample K2, followed by a second
event in the Early Jurassic or later to deform sample K3 and produce younger “°Ar/*’Ar steps in sample
K2. The portion of the Gveleti shear zone juxtaposing unit Cgd against Jsl could have formed during the
older event, whereas the portion of the shear zone juxtaposing Jms against Jsl may have formed during
the younger event, though we lack direct field observation of the Jms-Jsl contact (Figure 3b). The coarse
quartzite and metaconglomerate in unit Jms are generally consistent with deposition in an active tectonic
setting and may reflect this multi-part deformation.
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Although we cannot definitively rule out Late Cenozoic quartz-plastic deformation in sample K3, we infer
that this deformation was most likely Mesozoic or Early Cenozoic in age. Specifically, the dominantly
Mesozoic to Early Cenozoic (~140 to ~50 Ma) stair-stepping biotite *’Ar/*’Ar ages (with similar
38Ar/*°Ar) from the Kazbegi granodiorite in the hanging wall (K1) likely reflect prolonged residence of this
sample in the biotite partial retention zone (~250-350 °C) during this time interval (Figure 6; Grove &
Harrison, 1996; Reiners & Brandon, 2006). As a result, by the onset of Arabia-Eurasia collision, rocks now
exposed at the surface had likely cooled to temperatures below those necessary for quartz-plastic
deformation (~250 °C).

Alternating periods of back-arc rifting and basin inversion have been proposed throughout the Mesozoic
development of the Greater Caucasus Basin, in large part on the basis of regional unconformities and hia-
tuses in sedimentation (e.g., Ershov et al., 2003; Nikishin et al., 2011). The MCT may have initially formed
either as a reverse fault or as a normal fault that was later reactivated (Figure 8). Inconsistent shear sense
indicators along the MCT between Svaneti (top-to-the-north; Figure 4b) and Kazbegi (top-to-the-south;
Figure 4g) do not allow us to clearly discriminate between these two scenarios. The differences in muscovite
OAr/3Ar ages in Svaneti (~135-150 Ma) and Kazbegi (~230-190 Ma) could indicate diachronous formation
of the MCT, with the Ushba thrust in the west forming due to proposed basin inversion around the
Jurassic-Cretaceous boundary (Nikishin et al., 2011) and the Gveleti thrust in the east forming earlier due
to proposed Early and/or Middle Jurassic basin inversion (e.g., Ershov et al., 2003; Khain et al., 2007;
Nikishin et al., 2011). Alternately, the Usbha and Gveleti shear zones could have formed synchronously in
the Jurassic if the younger *°Ar/*’Ar age from Svaneti reflects partial resetting resulting from later,
post-Jurassic cooling.

The ages of ~230-190 Ma observed along the MCT in Kazbegi correspond with similar ages observed along
sutures in East Asia and Iran (e.g., Kapp et al., 2003; Mirnejad et al., 2013; Pullen et al., 2008) typically asso-
ciated with accretion of the Cimmerian continental ribbon on the margin of Laurasia (Metcalfe, 2013;
Sengdr, 1979). Although Triassic-Jurassic deformation and accretionary complexes have been identified in
Turkey, debate persists regarding whether Cimmerian collision extended as far west as the Caucasus or
whether such deformation reflects subduction accretion beyond the western edge of the Cimmerian frag-
ment (Sengor, 2013; Topuz et al., 2013; Topuz et al., 2017), which has only been confidently traced as far west
as northern Iran (e.g., Alavi, 1991; Natal'in & Sengor, 2005; Zanchetta et al., 2013). In this study, we do not
observe any clear evidence in the Caucasus region for Triassic-Jurassic accretion of the Cimmerian ribbon,
which if present would lie to the south of the crystalline massifs in the Lesser Caucasus, given the likely
shared Carboniferous accretion of both the Greater Caucasus core and Lesser Caucasus massifs to Laurussia.

5.4. Late Cenozoic Exhumation of the MCT Hanging Wall and Shear Zone

Low-temperature AHe and ZHe thermochronometric analyses on both the Svaneti and Kazbegi traverses
indicate Late Cenozoic exhumation of the MCT hanging wall from depths of at least ~5-8 km (Tables 1
and S5 and S6, and Figure 3). This exhumation may have been accommodated in part by brittle Cenozoic
slip on the MCT, which is consistent with field observations of extensive hydrothermal alteration and abun-
dant quartz veins along the Ushba and Gveleti shear zones. These data also suggest that some of this exhu-
mation was likely due to Late Cenozoic slip on one or more additional major faults to the south of the MCT,
as proposed by previous workers (e.g., Mosar et al., 2010). As explained below, thermochronometric data
indicate limited if any Cenozoic greenschist-facies (i.e., quartz-plastic) shearing along the MCT, although
it cannot be completely eliminated as a possibility.

In Svaneti, the muscovite “°Ar/*°Ar ages of ~150-135 Ma from sample N6 in the greenschist-facies Ushba
shear zone (Figures 4b and 6a) indicate that rocks along the shear zone likely remained below ~425 °C from
the Cretaceous until the present, based on the muscovite “OAr/*°Ar closure temperature (Harrison et al.,
2009). In the hanging wall of the Ushba shear zone, Eocene to Miocene ZHe ages (~40-20 Ma) coupled with
Miocene-Pliocene AHe ages (~5-3 Ma) yield thermal models indicating a phase of slow to negligible cooling,
starting as early as ~35 Ma in sample N4 or ~15 Ma in sample N1 and extending to ~10 Ma, followed by rapid
cooling to surface temperatures from ~10 Ma to the present (Figure 6b). Younger thermochronometric ages
in sample N1 compared to sample N4 require a slightly greater magnitude of cooling post-10 Ma for sample
N1, from peak temperatures of ~160-200 °C instead of ~110 °C. This likely reflects the deeper structural
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position of sample N1. These ZHe and AHe ages imply exhumation on the order of ~5-8 km since 10 Ma for
the structurally deeper sample N1, assuming a typical geothermal gradient of 25-30 °C/km.

The “°Ar/ 39Ar, ZHe, and AHe data from samples N1 and N6 limit the Cenozoic maximum temperature of
the hanging wall and Ushba shear zone to be 160-425 °C prior to ~10 Ma. The higher end of this temperature
range permits Cenozoic quartz-plastic deformation along the Ushba thrust and additional Cenozoic
exhumation of up to ~9 km prior to ~10 Ma, assuming a geothermal gradient of ~25-30° km. When
combined with the ~5-8 km of exhumation since 10 Ma, total Cenozoic exhumation of up to ~17 km is
permissible, assuming a maximum of 425 °C at the beginning of the Cenozoic and a geothermal gradient
of ~25-30 °C/km (Figure 6b). However, these thermochronometric ages do not allow us to further constrain
the rate and timing of Cretaceous-Early Cenozoic exhumation.

A slight ZHe age offset is recorded across the Ushba shear zone, where the ~20-Ma ZHe age in the hanging
wall paragneiss (N1) is younger than the ~31-Ma age in the footwall Dizi series (N3; Table 1 and Figure 3a).
Thermal models of samples N1 and N4 suggest that age discrepancies within the hanging wall reflect differ-
ent magnitudes of Late Cenozoic exhumation from different structural depths, rather than differences in the
timing of exhumation. Differences in ZHe ages between the hanging wall and footwall of the Ushba shear
zone likely reflect differences in the magnitude, rate, or timing of exhumation of these samples. In the
absence of multimethod thermochronology, we cannot quantify these differences, but some amount of
Cenozoic differential exhumation across the Ushba shear zone is likely required to generate these differ-
ences and field evidence (noted above) supports brittle slip along the Ushba shear zone (e.g., Lock &
Willett, 2008). In Kazbegi, footwall ZHe analyses are not yet available to determine if the MCT shows a simi-
lar age offset.

Along the Kazbegi traverse, Miocene ZHe ages (~8-7 Ma) and Pliocene AHe ages (~3-2 Ma) produce ther-
mal models indicating rapid cooling from at least 250 °C since ~9-8 Ma in both the granodiorite (K1) and
MCT shear zone (K2), corresponding to at least ~8-10 km of exhumation, assuming a geothermal gradient
of ~25-30 °C/km (Figures 6b and S9). Incorporating the ~96-Ma biotite “°Ar/*°Ar total gas age into the ther-
mal model for K1 suggests that Cenozoic cooling of the hanging wall prior to 10 Ma was relatively minor and
that the Cenozoic temperature of sample K1 likely did not exceed ~300 °C (Figure 6b). This allows for a total
of ~10-12 km of possible exhumation since ~10 Ma, assuming cooling from a maximum of ~300 °C to surface
temperatures and a geothermal gradient of ~25-30 °C/km. We interpret the maximum temperature of
~300 °C, coupled with the “°Ar/**Ar ages of ~230-190 Ma from muscovite defining the foliation of the shear
zone (K2; Figures 4g, 6a, and S5e), to indicate limited, if any, Late Cenozoic quartz-plastic deformation of the
Gveleti shear zone.

The Kazbegi samples lie near the Pliocene to Quaternary volcanic center of Mt. Kazbegi (Figure 2; e.g.,
Lebedev et al., 2009, 2014, 2018), and magmatic activity could potentially affect low-temperature thermo-
chronometric ages here via hydrothermal convection or a local increase in the geothermal gradient (e.g.,
Ehlers, 2005; Peyton & Carrapa, 2013). Our thermal modeling of sample K1 predicts cooling prior to onset
of magmatism in this region at ~5 Ma (Figure 6b), and Pliocene AHe ages have been reported in other parts
of the Greater Caucasus away from Cenozoic volcanic centers, including in the Tsei valley ~60 km northwest
of Mt. Kazbegi (Figure 2; Avdeev & Niemi, 2011) and in the Svaneti region ~10 km south of the Dizi series
(Figure 2b; Trexler, 2018). As a result, we infer, absent any clear indication to the contrary, that these ages
represent tectonic exhumation rather than magmatic resetting. However, given the local prominence of
Late Cenozoic magmatism, the geothermal gradient here may have been elevated relative to Svaneti,
although we have no data to confirm or quantify this possibility. An elevated gradient of 40 °C/km, for exam-
ple, would result in a maximum of ~8 km of exhumation in Kazbegi rather than the ~10-12 km estimated
from 25-30 °C/km. Given this uncertainty, we take a conservative approach and use the estimate from
Svaneti of at least ~5-8 km of exhumation exhumation of the MCT hanging wall since ~10 Ma.

5.5. Cenozoic Structures in the MCT Footwall

Results presented here and prior work combine to indicate significant Cenozoic cooling of the MCT footwall.
Specifically, the Cenozoic ZHe ages in the Dizi series (N3) suggest Cenozoic cooling from temperatures
>150 °C south of the MCT, and a previously reported ~2.5-Ma apatite fission track age from the southern
margin of the Dizi series suggests very recent cooling of these rocks from at least ~115 °C (Figure 2;
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Ketcham et al., 1999; Vincent et al., 2011). AHe ages of ~1-2 Ma in rocks farther to the south in Svaneti, as
well as AHe ages of ~7-8 Ma in Kazbegi south of the MCT, provide additional evidence that a significant
component of Cenozoic exhumation has been accommodated south of the MCT (Figure 2; Trexler, 2018).
We interpret this Cenozoic exhumation south of the MCT to result from shortening on one or more addi-
tional major faults to the south. Notably, none of the MCT footwall rocks in this study exhibit the dynamic
recrystallization seen in the hanging wall, leading us to conclude that quartz-plastic deformation in the MCT
hanging wall is distinct from Late Cenozoic exhumation of both the MCT hanging wall and footwall
(Figures 4c and 4d and 4h).

5.6. The Location of the MCT and Its Role in Arabia-Eurasia Collision

The usual definition of the MCT in the western Greater Caucasus is the thrust that places the crystalline
basement in the range over sedimentary cover (e.g., Dotduyev, 1986; Mosar et al., 2010; Saintot, Brunet,
et al., 2006; Zaridze, 1959). The presence of a north-dipping, greenschist-facies mylonitic shear zone at the
contact between Paleozoic crystalline basement and Jurassic metasedimentary rocks on both the Svaneti
and Kazbegi traverses (Figures 3 and 4) provides good reason to consider both the Ushba and Gveleti shear
zones as part of the MCT. We see no geologic evidence to define faults to the south of the Gveleti shear zone
as the MCT, as some studies do (e.g., Rogozhin et al., 2015; Vincent et al., 2018). Our data provide no new
insight into the continuation of the MCT into the eastern Greater Caucasus, where no crystalline basement
is exposed.

Given the evidence for important structures in the MCT footwall (this study; Mosar et al., 2010; Forte et al.,
2010, 2013; Trexler, 2018), we speculate that the MCT may function as a backstop to a distributed system of
faults in the footwall and largely exposes a record of older Paleozoic-Mesozoic tectonic events in the upper
plate of the present collision. We infer that this distributed system of faults, including the MCT, merge at
depth onto a single basal décollement carrying Greater Caucasus basement in its hanging wall. As a result,
the surface expression of the MCT as a basement-involved thrust is connected to the Cenozoic basal
décollement also called the MCT (e.g., Philip et al., 1989; Reilinger et al., 2006; Shempelev, 1978;
Shempelev et al., 2017), but it is not the sole or primary structure accommodating Arabia-Eurasia conver-
gence. Instead, deformation within the orogenic wedge of the Greater Caucasus is primarily confined to
the foreland fold-thrust belt to the south, which enables the maintenance of critical taper, and the MCT
backstop allows for continued growth of the wedge (Figure 1a).

6. Conclusions

New field observations, microstructural analysis, and geochronologic and thermochronologic data provide
insight into basement-involved deformation along the MCT. The Greater Caucasus basement formed in
the Early Paleozoic as a part of Gondwana, as indicated by zircon U-Pb age distributions comparable to those
of modern rivers and microcontinents of Gondwanan affinity. We infer that this basement was then
detached from Gondwana and subsequently accreted onto the Laurussian margin, likely during the
Carboniferous, based on exhumation of high-pressure/temperature eclogite at ~330-300 Ma along an
inferred suture on the northern flank of the Greater Caucasus (e.g., Philippot et al., 2001). This accretion
resulted in amphibolite-facies low-pressure/temperature metamorphism and widespread granitoid pluton-
ism throughout the basement, reflected in amphibolite-facies deformation textures and metamorphic and
igneous zircon U-Pb ages of ~330-310 Ma.

Low-grade quartz-plastic deformation during Mesozoic back-arc rifting and inversion associated with devel-
opment of the Caucasus Basin resulted in development of the MCT as an upper-crustal shear zone, as
recorded by greenschist-facies deformation textures and Mesozoic mica “’Ar/*°Ar ages. Our data suggest
the shear zones formed at ~190 Ma along the Gveleti fault in Kazbegi and ~150-135 Ma along the Ushba
thrust in Svaneti. These deformation textures suggest ~10-20 km of exhumation since that time, with ther-
mal modeling of thermochronometric data predicting at least ~5-8 km since ~10 Ma in response to Cenozoic
Arabia-Eurasia collision. An approximately 11 Ma difference in Cenozoic zircon (U-Th)/He ages across the
MCT in Svaneti suggests that the MCT may have been reactivated as a brittle structure during
Arabia-Eurasia collision, but it likely serves as the backstop to the orogen and is only one of several struc-
tures accommodating Arabia-Eurasia convergence.
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