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ABSTRACT

Although the Greater Caucasus Mountains have played a central role in
absorbing late Cenozoic convergence between the Arabian and Eurasian plates,
the orogenic architecture and the ways in which it accommodates modern
shortening remain debated. Here, we addressed this problem using geologic
mapping along two transects across the southern half of the western Greater
Caucasus to reveal a suite of regionally coherent stratigraphic packages that
are juxtaposed across a series of thrust faults, which we call the North Geor-
gia fault system. From south to north within this system, stratigraphically
repeated ~5-10-km-thick thrust sheets show systematically increasing bed-
ding dip angles (<30° in the south to subvertical in the core of the range).
Likewise, exhumation depth increases toward the core of the range, based on
low-temperature thermochronologic data and metamorphic grade of exposed
rocks. In contrast, active shortening in the modern system is accommodated,
at least in part, by thrust faults along the southern margin of the orogen.
Facilitated by the North Georgia fault system, the western Greater Caucasus
Mountains broadly behave as an in-sequence, southward-propagating imbri-
cate thrust fan, with older faults within the range progressively abandoned
and new structures forming to accommodate shortening as the thrust prop-
agates southward. We suggest that the single-fault-centric “Main Caucasus
thrust” paradigm is no longer appropriate, as it is a system of faults, the North
Georgia fault system, that dominates the architecture of the western Greater
Caucasus Mountains.

H INTRODUCTION

The Greater Caucasus Mountains define the northern margin of the Ara-
bia-Eurasia collision zone between the Black and Caspian Seas and formed
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as the result of Cenozoic structural inversion of a Mesozoic marine basin
(Fig. 1A; Adamia et al., 2011a, 2011b; Banks et al., 1997; Dotduyev, 1986; Philip
et al., 1989). However, the size and structure of the Mesozoic basin and the
timing and mechanism of its closure are debated (e.g., Cowgill et al., 2016,
2018; Vincent et al., 2016, 2018). A central feature in this debate is an apparent
contradiction in our understanding of orogenic architecture and active short-
ening from geodetic and regional tectonic studies.

Geodetic observations suggest that the majority of Arabia-Eurasia short-
ening at the latitude of the Greater Caucasus is being accommodated on
structures within the Greater Caucasus Mountains (e.g., Philip et al., 1989;
Jackson, 1992; Allen et al., 2004; Reilinger et al., 2006), which root into a shal-
lowly north-dipping fault beneath the range (Sokhadze et al., 2018). Meanwhile,
structural observations from the region suggest that faults within the core of
the orogen are steeply dipping and thus are not favorably oriented to accom-
modate active tectonic shortening (e.g., Somin, 2000). In addition, these faults
also appear to have relatively little horizontal displacement across them, calling
into question whether they play a significant role in the modern orogen. In one
end-member model, the Greater Caucasus Basin was a narrow continental rift,
and likely floored by continental crust (e.g., Vincent et al., 2016, 2018). In the
other, the basin was relatively wide and may have been underlain by oceanic or
extensionally thinned continental crust (e.g., Cowgill et al., 2016, 2018). These
two end-member models of orogen architecture make discrete predictions
regarding where and how shortening is accommodated within the orogen.
In the first, the rift inversion model, shortening is accommodated across
subvertical structures and should be expressed by vertical exhumation and
minimal horizontal shortening. In the second, the subduction/underthrusting
to collision model, shortening is accommodated on more shallowly dipping
structures on the flanks of the orogen, and expressions of orogenic growth
should be primarily manifested in horizontal shortening, with minimal vertical
exhumation. Additionally, this second model implies the existence of a tectonic
suture within the orogen—a structure or set of structures that delineates the
transition from the overriding plate to the underthrust plate.

The key to differentiating between these models lies in identifying and
unraveling the kinematics of deformation across major faults within the orogen.
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Figure 1. (A) Overview map of
the Arabia-Eurasia collision zone,
with the Greater Caucasus at the
northern margin, modified from
Forte (2012). (B) Compilation of
1:200,000 scale geologic map-
ping (Dzhanelidze and Kandelaki,
1957; Kandelaki, 1957; Zdilasha-
vili, 1957; Gamkrelidze and
Kakhazdze, 1959) and low-tem-
perature thermochronology data
(circles; Hess et al., 1993; Kral and
Gurbanov, 1996; Avdeev, 2011;
Avdeev and Niemi, 2011; Vincent
et al., 2011) from the western
Greater Caucasus. (C) Schematic
cross sections illustrating the
Phanerozoic tectonic evolution
of the Greater Caucasus (orange
block and text), modified from
Vasey et al. (2020).
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Until recently, relatively few regional-scale structural geology studies have
been reported, in part due to limited access for political reasons prior to the
last decade. As a result, few structural observations have been reported from
the core of the range, leaving uncertainty in the locations and geometries of
faults and folds.

A broad array of new data sets from the Greater Caucasus has been
published in recent years, including low-temperature thermochronology to
constrain exhumation timing and magnitude (e.g., Avdeev and Niemi, 2011;
Vincent et al., 2011, 2020; Vasey et al., 2020), sediment provenance analysis to
constrain paleogeography (e.g., Morton et al., 2003; Vincent et al., 2014; Cowgill
et al., 2016; Tye et al., 2021), and investigation of geomorphic indices of uplift
(e.g., Forte et al., 2014) and geodetic data (e.g., Reilinger et al., 2006; Kadirov
et al., 2012; Sokhadze et al., 2018) to constrain modern deformation patterns.
Structural and tectonic studies (e.g., Alania et al., 2020a, 2020b; Tibaldi et al.,
2018, 2020; Vasey et al., 2020) are often localized and do not report regionally
distributed structural data from the core of the range, which are critical for
establishing a tectonic framework in which to interpret the new data sets in
the context of active orogenic uplift and evolution.

Here, we present new field observations, stratigraphic and structural
data, and a compilation of new and previously published low-temperature
thermochronology analyses, which together further elucidate the structural
architecture of the western Greater Caucasus. These data support a model
of the orogen behaving as a growing imbricate fan, where shallowly dipping
active structures define the leading edge of the mountain belt as back-rotated,
more steeply dipping structures are abandoned in the interior of the range,
rather than through inversion of rift-related high-angle faults. This model pro-
vides an internally consistent framework for integrating geodetic and structural
observations in the orogen. Additionally, by highlighting a network of multiple
significant structures within the orogen, this model of orogenic architecture
provides a productive framework for further investigations into the tectonic
setting and history of the western Greater Caucasus.

Bl BACKGROUND
Geologic Setting

The Arabia-Eurasia plate collision extends from the eastern Mediterranean
in the west to Afghanistan in the east (Fig. 1A). The Caucasus region, in the
center of the Arabia-Eurasia collision zone, is bounded by the Black Sea to the
west and the Caspian Sea to the east. The region extends from southern Russia
at its northern edge, across the nations of Georgia, Azerbaijan, and Armenia
in the center, to the Pontide, Lesser Caucasus, and Alborz Mountains along its
southern margin in Turkey, Azerbaijan, and Iran, respectively.

The Paleozoic history of the Caucasus region is recorded in sparse exposures
of metasedimentary and crystalline rocks in the core of the Greater Cauca-
sus, primarily in the half of the orogen west of ~45°E (Fig. 1B). Ordovician- to

Carboniferous-age crystalline basement, a combination of plutonic and meta-
morphic rocks (Nalivkin, 1973; Vasey et al., 2020), is commonly associated with
the Scythian Platform, a complexly deformed zone on the southern edge of
the East European craton that has been interpreted as a complex orogenic belt
and/or a Paleozoic island-arc system (Natal’in and Sengdr, 2005; Nikishin et
al., 2011). The Dzirula Massif, a block of metamorphic and igneous basement
located at the southern margin of the western Greater Caucasus in central
Georgia (Fig. 1B), is widely considered to be a fragment of the crystalline
basement core (Zakariadze et al., 2007), though new detrital zircon analyses
suggest these crystalline blocks may in fact be distinct in origin (Tye et al.,
2021). Metasedimentary rocks of similar age to the crystalline core, known as
the Dizi Series, are exposed in a limited area of the western Greater Caucasus,
primarily in the Svaneti region of Georgia. Interpretation of detrital zircon analy-
ses suggested that the Dizi Series may represent a back-arc basin adjacent to
a proto-Greater Caucasus island arc associated with south-directed subduc-
tion prior to accretion onto the Laurentian margin during the Carboniferous
(Fig. 1C; Vasey et al., 2020).

The majority of exposed strata within the Greater Caucasus were depos-
ited during the Mesozoic, in a depocenter broadly referred to as the Greater
Caucasus Basin (Dotduyev, 1986; Philip et al., 1989; Banks et al., 1997; Adamia
etal., 2011b). Jurassic- to Cretaceous-age marine sedimentary rocks, primarily
slate/shale and fine sandstone turbidites, dominate much of the Caucasus
Basin section (Dzhanelidze and Kandelaki, 1957; Kandelaki and Kakhazdze,
1957; Gamkrelidze and Kakhazdze, 1959; Gubkina and Ermakov, 1989; Adamia
et al., 2011b). In the western Greater Caucasus, the southern part of the range
contains extensive deposits of volcanic breccia and volcaniclastic rock, along
with shallow-marine and terrestrial sedimentary rocks overlain by Cretaceous
limestone (Dzhanelidze and Kandelaki, 1957; Gamkrelidze and Kakhazdze, 1959;
Adamia et al., 2011b). Stratigraphic and geochemical analyses of the Mesozoic
section suggest the Greater Caucasus Basin likely formed as a back-arc rift
basin related to north-directed subduction of the Tethys Ocean basin beneath
the Late Jurassic-Eocene-age Lesser Caucasus/Pontide arc to the south (Yilmaz
et al., 2000; McCann et al., 2010; Mosar et al., 2010). This arc is now exposed
as the Achara/Trialet and Lesser Caucasus Mountains, which demarcate the
southern limit of the Caucasus region. Along with the Shatsky Ridge in the
eastern Black Sea, the Dzirula Massif (see previous paragraph) may also define
the southern margin of the Mesozoic Greater Caucasus Basin (Banks et al.,
1997; Vincent et al., 2014; Adamia et al., 2017). The tectonic setting of the
Greater Caucasus Basin—the scale and geometry of the basin, and whether
it was floored by oceanic or continental crust—is still debated (e.g., Cowgill
et al., 2016, 2018; Vincent et al., 2016, 2018).

Cenozoic rocks in the western Greater Caucasus record the closure of the
Greater Caucasus Basin and growth of the modern Greater Caucasus Moun-
tains. Paleogene and Neogene strata in sedimentary basins along the southern
flank of the Greater Caucasus typically consist of clastic marine to terres-
trial sedimentary rocks, reflecting a generally shallowing depositional setting
through time. These basins include the wedge-top Rioni, Kartli, and Alazani
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basins in the western and central Greater Caucasus, and the flexural foreland
Kura basin in the east (e.g., Banks et al., 1997; Forte et al., 2013). South-directed
fold-and-thrust belts within these flanking basins expose Cretaceous- to Neo-
gene-age strata. Surface geology and seismic-reflection data suggest that the
fold-and-thrust belts have a thin-skinned structural geometry (e.g., Banks et
al., 1997; Forte et al., 2010; Alania et al., 2017; Adamia et al., 2017; Tibaldi et
al., 2017b) and are presently active (e.g., Banks et al., 1997; Forte et al., 2013;
Trexler et al., 2020; Tibaldi et al., 2018).

Modern Tectonic Setting

Results of low-temperature thermochronology studies in the western
Greater Caucasus orogen suggest that exhumation of the range began by ca.
35 Ma (Vincent et al., 2007, 2011; Avdeev and Niemi, 2011). This timing is con-
sistent with estimated subduction initiation of the Greater Caucasus back-arc
basin (Zonenshain and Le Pichon, 1986; Natal’in and Sengér, 2005; Avdeev
and Niemi, 2011), when closure of relict ocean basins in the Caucasus and East
Anatolian Plateau is argued to have absorbed continental convergence (Cowgill
et al., 2016). Cooling rates increased dramatically ca. 5 Ma (Avdeev and Niemi,
2011), an event hypothesized by proponents of the collision model of orogen
growth to correspond to the final, “hard” continent-continent collision associ-
ated with the subduction of the last remnants of the Greater Caucasus ocean
basin at this longitude and resulting in a structural reorganization throughout
the Arabia-Eurasia collision zone (Avdeev and Niemi, 2011; Cowgill et al., 2016).
Prior work on the structural architecture of the Greater Caucasus assumed
that the locus of Cenozoic shortening was located along a dominant, deeply
rooted structural system called the Main Caucasus thrust, which was variably
placed at the base of the crystalline basement in the core of the range, within
the marine sedimentary package of the Caucasus Basin to the south, or at the
southern topographic range front (Saintot et al., 2006; Mosar et al., 2010; e.g.,
Adamia et al., 2011b). Neotectonic investigations of active fold-and-thrust belts
in the eastern (Forte et al., 2010, 2013; Mosar et al., 2010; Kadirov et al., 2012)
and western (Banks et al., 1997; Alania et al., 2017; Tsereteli et al., 2016; Tibaldi
et al., 2017a) Greater Caucasus suggest that the presently defined Main Cau-
casus thrust (e.g., Vasey et al., 2020) may represent a significant lithotectonic
boundary within the Caucasus orogen, but it is unlikely to be the trace of the
active or dominant orogenic structure at the surface.

B METHODS

To directly test these two models of orogen evolution, we conducted
1:100,000 scale geologic mapping along two transects across the Greater Cau-
casus. We combined the results of our mapping with provenance analyses and
low-temperature thermochronology to characterize the first-order structure of
the western Greater Caucasus in the Republic of Georgia.

Mapping

We conducted 1:100,000 scale geologic mapping along two transects
roughly perpendicular to the strike of the range: the Enguri traverse, at approx-
imately azimuth 035°, and the Terek-Aragvi traverse, at approximately azimuth
0° (Fig. 1B). We focused our mapping within the Greater Caucasus Basin zone
of the Greater Caucasus, bounded by the crystalline core of the range to the
north and the foreland fold-and-thrust belt to the south. We used published
1:200,000 scale geologic maps to extrapolate mapping along strike between
our two traverses.

We collected field data primarily by foot along roads and trails along
(1) the Enguri River between the towns of Zugdidi and Mestia in western
Georgia, which we refer to as the Enguri traverse, and (2) along Highway
E117, a major trans-Caucasus highway that follows the north-draining Terek
River and south-draining Aragvi River between the Russian border north of
Stepantsminda and the town of Jinvali in central Georgia, which we refer to
as the Terek-Aragvi traverse (Fig. 1B). Exposure limitations, including steep
topography with dense vegetation below tree line, restricted mapping to
zones along river valleys and road cuts. Along the mapping transects, rock
exposures were discontinuous, with ~6-30-m-long exposures separated by
~200-1000-m-long covered intervals. To augment existing data most efficiently,
we focused our field efforts on collecting structural observations, particularly
bedding orientation, stratigraphic facing direction, and the locations of major
contacts and structures. We combined the results of our field mapping with
existing published maps (Dzhanelidze and Kandelaki, 1957; Kandelaki, 1957;
Zdilashavili, 1957; Gamkrelidze, 1958; Gamkrelidze and Kakhazdze, 1959; Gub-
kina and Ermakov, 1989), which we reinterpreted in the context of our structural
and lithologic observations.

Definition of Georgian Tectonostratigraphy

Existing geologic maps for our study area (Dzhanelidze and Kandelaki,
1957; Kandelaki, 1957; Zdilashavili, 1957; Gamkrelidze, 1958; Gamkrelidze
and Kakhazdze, 1959; Gubkina and Ermakov, 1989) have limited available
stratigraphic descriptions and are at a smaller scale than our field mapping,
precluding their use in delineating local unit descriptions and identifications.
We therefore defined a suite of tectonostratigraphic units along each field
traverse based on rock type, internal stratigraphic sequence, degree of meta-
morphism, and structural orientation and style. Each domain was named for
the fault that bounded it to the south.

Exposures of the bounding faults were sparse, but their locations and dip
directions could be inferred using structural and stratigraphic information from
exposures flanking the structures, with evidence of faulting based on features
such as an abrupt change in metamorphic grade or the truncation of strati-
graphic facing direction and bedding. Correlation of the tectonostratigraphic
domains along strike was, at least in some cases, viable and yielded further
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insight into the stratigraphic architecture of the Greater Caucasus Basin and
the structural geometry of the fault system that bounds the southern margin
of the western Greater Caucasus.

Within the tectonostratigraphic domains, we defined individual map units
based on rock type using field descriptions of stratigraphy and petrologic
observations made both in outcrop and from hand samples. To further assess
unit correlation, we augmented these data using thin-section petrography, with
particular focus on the presence/absence of specific grain types.

To estimate stratigraphic thickness, we used calculations based on bedding
dips and the locations of mapped/inferred contacts between tectonostratigraphic
units along our traverses under the assumption that unit thicknesses were
uniform along and across strike, although we acknowledge that this is an over-
simplification. We report the depositional ages of collocated units on published
1:200,000 scale maps (Dzhanelidze and Kandelaki, 1957; Kandelaki, 1957; Zdilas-
havili, 1957; Gamkrelidze, 1958; Gamkrelidze and Kakhazdze, 1959; Gubkina and
Ermakov, 1989). Published maps relied on biostratigraphic data to support age
determinations; however, details on these ages were not always reported, and
the sources of these data were difficult to validate (and thus recalibrate) in light
of evolving relationships between biostratigraphic and absolute age values.
Perhaps more importantly, the stratigraphic and spatial resolution of these bio-
stratigraphic age determinations has not been clearly established. As such, the
reliability of these age determinizations is unclear. Detrital zircon studies within
the Greater Caucasus (Vincent et al., 2013; Cowgill et al., 2016; Tye et al., 2021)
have yielded maximum depositional ages for units that, in most cases, agree
with published biostratigraphic ages, but the geographic distribution of these
provenance studies is limited, and in some cases maximum depositional ages
are considerably older than the reported ages (Vasey et al., 2020).

Geochemical and Geochronological Analyses

The“He for apatite helium (U-Th-Sm)/He thermochronometry was measured
at the University of Michigan Thermochronology Laboratory using an Australian
Scientific Instruments Alphachron helium instrument according to analytical
procedures outlined in the appendix of Niemi and Clark (2018). We augmented
these results with four previously unpublished apatite fission-track thermo-
chronometry analyses (Avdeev, 2011). In addition, we compiled published
low-temperature thermochronometry data from the Greater Caucasus (Fig. 2;
Supplemental Table S5'; Hess et al., 1993; Kral and Gurbanov, 1996; Avdeev,
2011; Avdeev and Niemi, 2011; Vincent et al., 2011, 2020; Vasey et al., 2020).

We performed zircon U-Pb analyses on one sedimentary sample from the
Enguri traverse to provide age control and verify the age spectra previously
reported for a sample (SWGC) from Cowgill et al. (2016). We present the resulting

'Supplemental Material. Structural orientation data and raw data from geochemical and thermo-
chronological analyses. Please visit https://doi.org/10.1130/GEOS.S.16834624 to access the sup-
plemental material, and contact editing @geosociety.org with any questions.

age distribution using kernel density estimation generated by the DensityPlotter
software (Fig. 2; Fig. S1; Vermeesch, 2012). We also conducted electron backscat-
ter diffraction (EBSD) analysis on a single sample to investigate the structural
fabrics in the highest metamorphic grade along the Enguri traverse.

We used whole-rock major- and trace-element geochemistry to assess the
petrogenesis and tectonic setting of magmatic rocks within the western Greater
Caucasus. Given that these rocks are typically interpreted to have been depos-
ited/emplaced in the Caucasus Basin continental back-arc (Saintot et al., 2006;
e.g., Adamia et al., 2011a; Vincent et al., 2016), where signatures range from
island-arc basalt (IAB) to normal mid-ocean-ridge basalt (N-MORB) (e.g., Saun-
ders and Tarney, 1984; Pearce and Stern, 2006), we compared trace-element
signatures from our samples with N-MORB and IAB (e.g., Sun and McDonough,
1989; Kelemen et al., 2003) signatures. We present these data using the Th-3Tb-
2Ta ternary diagram of Cabanis and Thieblemont (1988), a rare earth element
(REE) plot normalized to primitive mantle values of McDonough and Sun
(1995), and an incompatible trace-element diagram normalized to primitive
mantle values of Sun and McDonough (1989). Additional details for all ana-
lytical methods are available in the Supplemental Material (see footnote 1).

B ENGURI TRAVERSE RESULTS (WESTERN GREATER CAUCASUS)

In the westernmost Greater Caucasus, we mapped along the Nakra and
Enguri Rivers between the town of Mestia (43.044°N, 42.724°E) in the north,
near both the topographic divide of the range and the Georgia-Russia border,
and the city of Zugdidi (42.509°N, 41.867°E), ~100 km to the southwest, located
near the southern foreland basin and ~25 km inland from the eastern coast
of the Black Sea (Fig. 2). Along this traverse, we defined five distinct tectono-
stratigraphic domains, and within each domain, we labeled the individual map
units using abbreviations for the traverse, the domain name, and the lithology
of each tectonostratigraphic unit.

Enguri Traverse Tectonostratigraphic Units and Their Bounding
Structures

From north to south, the five domains along the Enguri traverse (E) are
the Ushba (u), Dizi (d), Khaishi (k), Idliani (i), and Jvari (j) domains (Figs. 2
and 3). Four rock types comprise these domains: crystalline basement (x);
clastic sedimentary rocks dominated by interlayered sandstone and mud-
stone (s); intrusive, volcanic, and volcaniclastic rocks (v); and limestone (Is).
In cases where the same rock type occurred more than once within a single
tectonostratigraphic domain, we numbered the units sequentially from oldest
to youngest. In sum, we defined a total of nine discrete map units along this
traverse. The Ushba domain contains exclusively crystalline basement, unit
E-ux. The Dizi domain is composed of two distinct packages of metasedimen-
tary rocks (E-ds1, E-ds2). The Khaishi domain contains both sedimentary and
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Figure 2. Geologic map of the Enguri traverse, western Greater Caucasus (long dimension 108 cm). Bold band in center outlined by white dashed line delineates our 1:100,000 mapping transect. Base map was compiled from 1:200,000 geologic maps (Dzhanelidze and Kandelaki, 1957; Kandelaki, 1957; Zdilashavili, 1957; Gam-
krelidze and Kakhazdze, 1959). Cross section was compiled from field data, 1:200,000 geologic maps (Dzhanelidze and Kandelaki, 1957; Kandelaki, 1957; Zdilashavili, 1957, Gamkrelidze and Kakhazdze, 1959), and work by Banks et al. (1997) and Tibaldi et al. (2017b). Stereograms show poles to bedding planes in an equal-area
projection and use a Kamb contour with an interval of 5. Apatite (U-Th-Sm)/He ages from Chanis and Tskhenis River sections (Vincent et al., 2011) appear to be averages of multiple multigrain aliquots of detrital samples and thus do not likely reflect geologically meaningful events (see text for discussion). Detrital zircon
age spectrum for sample CT13094-9A is reported as a kernel density estimate (KDE, colored peaks) with ages of individual grains noted by blue circles beneath the plot. Age determinations are from U-Pb analysis of detrital zircon grains. See Supplemental Table S4 (text footnote 1) for detrital zircon U-Pb analysis results.
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Figure 3. Tectonostratigraphic column for units in the Enguri traverse. Unit descriptions were compiled from outcrops, hand samples, and thin sections. Unit
thicknesses were estimated based on mapping and structural data. References for mapped age: 1—Gamkrelidze and Kakhazdze (1959); 2— Vasey et al. (2020); 3—
Dzhanelidze and Kandelaki (1957); 4—Kandelaki (1957). K—Cretaceous; J—Jurassic; Tr—Triassic; Pz—Paleozoic; DZ—detrital zircon.
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volcaniclastic strata (E-ks, E-kv). The Idliani domain contains a single unit of
mixed volcaniclastic rocks (E-iv). The Jvari domain is the most diverse, contain-
ing clastic, volcaniclastic, and carbonate strata (E-js, E-jv, E-jls) (Figs. 2 and 3).

Although bedding dip angles were observed to be variable along the tra-
verse, the strike direction was remarkably consistent and only varied by +~20°
from the average (stereograms, Fig. 2). Between the northern and southern
ends of the traverse, measured average bedding strike rotated ~20° clockwise,
from ~280°-290° in the north to ~300°-310° in the south.

Ushba Domain and Northern Flank

The Ushba domain is composed of crystalline basement, unit E-ux, and
overlying sedimentary rocks beyond the northern extent of the mapping tra-
verse (Fig. 1). In the map area, the crystalline basement primarily consists of
amphibolite-facies metasedimentary and granitoid plutonic rocks that in places
exhibit compositional banding (Fig. 3; Vasey et al., 2020), and localized zones of
migmatite are present particularly in the immediate hanging wall of Ushba fault.

North of the map area, published maps show a gently north-dipping homo-
cline that exposes a nearly complete stratigraphic section extending from
crystalline basement in the core of the range up through Mesozoic marine
basin sedimentary units and into Cenozoic synorogenic sedimentary units
deposited on the flank of the growing orogen (Potapenko, 1964; Adamia et
al., 2011b). No active structures have been mapped on the northern flank of
the western Greater Caucasus (Potapenko, 1964).

Ushba Fault

The southern margin of the Ushba domain is defined by the north-dipping
Ushba fault, which juxtaposes the crystalline basement in the core of the range in
the hanging wall against Paleozoic and Mesozoic metasedimentary and sedimen-
tary rocks in the footwall. The surface trace of this structure on published maps
(Gamkrelidze and Kakhazdze, 1959), along with field observations, suggests this
structure dips north at relatively low angle (~30°). This structure has been iden-
tified as the Main Caucasus thrust in this part of the range (e.g., Somin, 2011;
Vasey et al., 2020). Low-temperature thermochronology data from this domain
record Cenozoic zircon (U-Th)/He ages in both the hanging wall and footwall of
this fault, suggesting that while it may accommodate some portion of Cenozoic
exhumation within the range, some additional component of that exhumation
must be accommodated on other structures to the south (Vasey et al., 2020).

Dizi Domain: Fine-Grained Marine Metasedimentary Rocks

Valley-bottom exposures are poor south of the contact with crystalline
basement due to glacial deposits, vegetation, and mass wasting, obscuring

units in the footwall of the Ushba fault. Published maps show Jurassic to
Cretaceous rocks in the footwall beneath the Ushba fault (Gamkrelidze and
Kakhazdze, 1959), but we were unable to conclusively document outcrops of
these units in the field. The first well-exposed unit to the south of the Ushba
domain is the Dizi series, which defines the northern end of our mapping
transect. Two units comprise the Dizi domain along the traverse, which we
refer to here as E-ds1 and E-ds2.

Unit E-ds1 contains alternating beds of fine-grained metasandstone, slate,
and phyllite. The contact between unit E-ds1 and unit E-ux is not well exposed,
but it is shown as depositional on prior maps (Gamkrelidze and Kakhazdze, 1959).
Sedimentary structures are not generally apparent, and unit facing direction is
difficult to determine. Cleavage is well developed and easier to identify in out-
crop than are bedding planes. The phyllite-grade metamorphism of unit E-ds1
is the highest grade exposed within the Enguri mapping traverse, outside of the
gneissic textures exposed in crystalline basement to the north (Fig. 3). Compo-
sitional layering (presumed to be bedding) within E-ds1 is consistently steeply
(~60°-80°) north-dipping layering (Table S1). Intersection angles between cleav-
age and compositional layering indicate alternating upright and overturned
beds, suggesting isoclinal folding, but fold hinges are rarely exposed.

Unit E-ds2 stratigraphically overlies unit E-ds1, and it is composed of
medium- to fine-grained metasandstone, slate, and phyllite. We did not directly
document the contact relationship between these units, which prior mapping
suggested is an angular unconformity (Gamkrelidze and Kakhazdze, 1959).
Unit E-ds2 is differentiated from E-ds1 by its less prominent cleavage, by its
increased proportion of psammitic to phyllitic textures, and by the increased
presence of sedimentary structures, including graded bedding and scour marks.
Unit E-ds2 exhibits moderately developed axial planar cleavage, more steeply
dipping than upright bedding, and crenulation cleavage is present in some
outcrops (Table S1).

Bedding within E-ds2 is consistently steeply (>60°) north-dipping bedding,
and exposures show alternating stratigraphic facing direction, as indicated
by sedimentary structures and cleavage-bedding intersection angles. Fold
hinges are rarely exposed, but where found, they exhibit well-developed axial
planar cleavage that is oriented subparallel to bedding throughout the sur-
rounding unit.

Dizi Fault

The inferred Dizi fault separates unit E-ds2 to the north from unit E-ks to the
south. This structure is inferred based upon an abrupt change in metamorphic
grade and grain size (see description of units to south in following sections) and
a juxtaposition of bedding attitudes across the contact. Specifically, north of the
contact, stratigraphically upright beds in unit E-ds2 dip >~70°N, whereas to the
south, stratigraphically upright beds in unit E-ks dip south and project updip
directly into unit E-ds2. The fault is inferred to be subvertical or steeply north
dipping, based upon the map trace and orientation of surrounding bedding.
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Khaishi Domain: Mixed Marine Sedimentary Rocks and Volcanic and
Volcaniclastic Deposits

The Khaishi domain is primarily composed of metasandstone and slate,
which are generally coarser grained and of lower metamorphic grade than
the Dizi domain to the north. Sedimentary structures are apparent in sand-
stone-bearing intervals, providing depositional facing and paleoflow directions.
We subdivided the Khaishi domain into two major units, the stratigraphically
lower E-ks and the stratigraphically higher E-kv units.

Unit E-ks is primarily composed of well-bedded, fine-grained sandstone
and slate that commonly exhibit ~1- to 10-cm-scale graded bedding, scour
marks, and load structures (Fig. 3). Paleocurrent directions are broadly south
directed, based on outcrop exposures of cross-beds and scour marks (Fig. 4A).
Nearly all bedding orientations are steeply inclined, and pervasive isoclinal
folding is inferred based on abrupt changes in stratigraphic facing direction,
as indicated by sedimentary structures, with steep dips to the north in both
upright and overturned beds. Fold hinges are generally not exposed. Cleavage
is present but poorly developed. Rocks within unit E-ks were subjected to low-
grade regional metamorphism and do not contain evidence of recrystallization.

Along the mapping transect, unit E-ks is intruded by a trachyandesite dike
(mapped as E-ki (Figs. 2 and 5) that is several meters thick and enveloped by
a contact metamorphic aureole in the surrounding sedimentary rock. Both the
sedimentary host rock and the dike are reported to be Early Jurassic in age
(Gamkrelidze and Kakhazdze, 1959).

Unit E-kv conformably overlies unit E-ks and contains an assortment of
volcanic breccia, mudrock, and sandstone. Resistant beds of volcanic breccia
locally define prominent topographic ribs that are generally several tens of
meters thick and typically provide the most robust bedding orientation infor-
mation within this unit (Fig. 4B). The breccia deposits are matrix supported
and contain blocks up to ~20 cm in diameter that are mafic to intermediate in
composition. Several of the breccia horizons also contain several-meter-thick
flows of pillow lava with individual pillows generally <1 m in diameter. In
thin section, unit E-kv contains both orthopyroxene and clinopyroxene and
largely remains texturally pristine (Fig. S1D), although the secondary growth
of calcite and zeolite-facies minerals is also evident. This unit is reported to
be Jurassic in age (Gamkrelidze and Kakhazdze, 1959). Bedding within E-kv
is steeply north dipping and isoclinally folded, as indicated by bedding and
stratigraphic facing directions inferred from sedimentary structures preserved
within interbedded sedimentary units (e.g., Fig. 4C).

Khaishi Fault

The Khaishi fault defines the southern limit of the Khaishi domain, where
it juxtaposes unit E-ks to the north against E-iv to the south. The structure was
not observed directly in the field and was inferred based on changes in rock
type and bedding orientations. The fault dips northward, constrained by the

orientation of the contact across topography and consistent with the orienta-
tion of both footwall and hanging-wall stratigraphy. South of the Khaishi fault,
bedrock exposure is poor, bedding dips are more variable than north of the
fault, and average topographic steepness is markedly reduced as compared
to the northern tectonostratigraphic domains.

Idliani Domain: Mixed Volcaniclastic and Marine Sedimentary Rocks

South of the Khaishi fault, the Idliani domain is dominated by poorly
exposed volcaniclastic and sedimentary rocks that we define as unit E-jv.
Sedimentary horizons are generally fine-grained sandstone, with sedimen-
tary structures such as graded beds, cross-beds, load structures, and scours
present but less obvious than in units E-ks and E-ds2. Volcanic clasts in thin
section preserve primary textures (Fig. S1) and contain both orthopyroxene
and clinopyroxene.

Bedding within the Idliani domain generally dips shallowly to moderately
(~25°-60°) southward. Poles to bedding planes define a crude northeast-
southwest-striking girdle, indicating relatively cylindrical folding, and a
structural geometry that is distinct from the isoclinal folding that dominates
in northern domains (Fig. 2). Topographic relief throughout the region that
is underlain by unit E-iv is lower than that preserved in regions underlain by
other units along the Enguri traverse. Several outcrops expose breccia and
cataclasite, but the poor exposure limited further evaluation of the lithology
and internal structure of this unit.

Idliani Fault

The southern boundary of the Idliani domain is defined by the Idliani fault,
an inferred structure that juxtaposes unit E-iv in the north against units E-jls
and E-js of the Jvari domain to the south. The Idliani fault is the most poorly
constrained fault along the traverse. Orientation data of the fault within the
Idliani domain (inferred hanging wall) are limited and thus provide little con-
straint on its orientation. We inferred a northward dip based upon the “rule of
V’s” and map patterns on published geologic maps where the fault crosses the
Enguri River valley (Gamkrelidze and Kakhazdze, 1959). This fault is associated
with a change in topographic relief and lithology, with more rugged topog-
raphy to the south as compared to subdued topography and poor exposures
characteristic of E-iv to the north.

Jvari Domain: Volcaniclastic Rocks and Volcanic Breccias, and
Shallow-Marine and Terrestrial Sedimentary Rocks

In contrast to the fine-grained, distal sedimentary units prevalent in the
domains north of the Idliani fault, rocks of the Jvari domain to the south are
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Figure 4. Field photographs. (A) Scour casts on a
bedding plane in unit E-ds1. (B) Panorama (photo
top and sketch representation bottom) look-
ing SE at topographic expression of resistant
volcaniclastic beds within unit E-kv. vc—vol-
caniclastic. (C) Within unit E-kv, volcaniclastic
blocks are commonly incorporated into marine
sediments at the bases of those horizons. Fac-
ing NW. (D) E-kv volcaniclastic package includes
pillow lavas from 10 cm scale (shown here) to
meter scale. Facing WNW. (E) At the southern
end of the Enguri traverse, unit E-js contains
deltaic and fluvial deposits interbedded with
resistant volcaniclastic debris flows (visible at
top of road cut). Facing N. (F) Fluvial and deltaic
deposits of E-js contain ~10 cm pieces of char-
coal and petrified wood (center of image, pencil
for scale). Facing N.
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Figure 5. Trace-element geochemical characteristics of Jurassic volcanic/volcaniclastic rocks compared to island-arc basalt (IAB; purple; Kelemen et al., 2003),
normal mid-ocean-ridge basalt (N-MORB; brown; Sun and McDonough, 1989), and the continental back-arc basin Bransfield Strait (orange; from Keller et al.,
2002; Fretzdorff et al., 2004; Marti et al., 2013), modified from Vasey et al., 2021. Caucasus samples exhibit trace-element characteristics consistent with both
island-arc basalt and continental back-arc basin rocks. (A) Th-3Tb-2Ta ternary diagram of Cabanis and Thieblemont (1988), with samples plotting along the Th-3Tb
join. (B) Rare earth element (REE) diagram normalized to primitive mantle (McDonough and Sun, 1995), with samples exhibiting light rare earth element (LREE)
enrichment. (C) Incompatible trace-element diagram, normalized to primitive mantle (Sun and McDonough, 1989), with samples exhibiting Nb-Ta anomalies.

dominated by a sequence of coarse-grained and massive volcanic breccias  cross-beds) indicate broadly north-directed paleoflow. Sparse basaltic andesite
that are capped by terrestrial and shallow-marine sedimentary rocks and intrusive dikes crosscut unit E-jv, particularly lower in the stratigraphic section,
shelf carbonates. In detail, three units make up the Jvari domain, E-jv, E-js, and in field exposures can be difficult to distinguish from the volcanic brec-
and E-jls. cia. Volcaniclastic rocks within E-jv only contain orthopyroxene, in contrast

Unit E-jv is dominated by massive, coarse, angular volcanic breccia hori- to units E-kv and E-iv, which contain both orthopyroxene and clinopyroxene.
zons intercalated with generally massive, coarse sandstone intervals. Within ~ Thin sections of sandstone horizons within E-jv reveal volcanic lithic clasts
the intervening sandstone horizons, rare sedimentary structures (primarily  and extensive carbonate cement. Unit E-jv is the source of a detrital zircon
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sample with a maximum depositional age of ca. 157 Ma (reported below in
the “Detrital Zircon Analyses of Enguri Rocks” section).

Bedding is poorly expressed within unit E-jv, especially lower in the sec-
tion. Where observed, bedding strikes are consistent with those in the northern
domains, but dips follow the general pattern of shallowing southward, with val-
ues of ~50°-70°. Folds in the Jvari domain are typically open, with exposed hinges.

Unit E-js consists of poorly lithified mudstone, shale, and sandstone, as well
as massive basaltic andesite volcanic breccia, similar to the volcanic breccia in
E-jv (Figs. 4E and 4F). Debris flows are common within the unit, particularly near
the stratigraphic base, and decrease in prevalence and thickness up section,
from greater than 10 m thick near the base to ~1 m thick near the top. Mudstone
and fine sandstone horizons commonly contain organic matter and fragments
of petrified wood. Sedimentary structures (primarily cross-bedding) suggest
a broadly northward paleoflow direction. Bedding orientations are consistent
with those in E-jv, with consistent WNW-strike and moderate (~40°-60°) dips.

Unit E-jls is a fossiliferous, erosionally resistant limestone that forms pro-
nounced flatirons along the range front near Zugdidi (Kandelaki, 1957). In
places, unit E-jls exhibits ~1-2-m-thick cyclic bedding, separated by thin shale/
marl intervals. East of the traverse, a limestone equivalent to unit E-jls forms a
structurally elevated plateau surface between the city of Kutaisi and the town
of Tsageri that isolates a syncline cored by Cenozoic strata within the interior
of the range (Fig. 1B).

Other Mapped Units

In addition to the units in the tectonostratigraphic domains delineated
above, we also mapped several Quaternary units along the Enguri traverse,
including debris fans (Qf), landslide deposits (Ql), and river terraces (Qt). These
units were primarily found south of the range front (e.g., Trexler et al., 2020)
and were only mapped when they were greater than 500 m wide or obscured
the bedrock geology.

Southern Foreland

Beneath the foreland basin to the south of the main range, seismic data and
prior mapping suggest that strata are subhorizontal (Banks et al., 1997; Tibaldi
et al., 2017a; Tari et al., 2018). Geomorphic and geologic mapping identified a
foreland fold-and-thrust belt ~40 km south of the modern topographic range
front (Banks et al., 1997; Tibaldi et al., 2017a), where the core of an anticline
exposes Cretaceous limestone (Dzhanelidze and Kandelaki, 1957). Our field
observations indicated that this limestone is similar to unit E-jls in outcrop and
hand sample, with approximately meter-scale cyclic bedding. The Cretaceous
limestone is overlain by a Paleogene-Neogene foreland basin sedimentary
section. The fold-and-thrust belt in the Rioni Basin also deforms a flight of river
terraces, indicating modern activity (Tibaldi et al., 2017a; Trexler et al., 2020).

Geochemistry of Enguri Volcanic Rocks

We obtained major- and trace-element geochemical analyses on samples
collected from volcanic breccia from each of the tectonostratigraphic units that
contained a volcanic component: E-kv (Khaishi, sample CT15019), E-iv (Idliani,
sample CT15051), and E-jv (Jvari, samples CT15038 and CT15049), together with
a dike, E-ki (sample CT15015) that intrudes unit E-ks. We also analyzed a dike
intruding crystalline rocks at the northern end of the Terek-Aragvi traverse (sample
100711-1B), which is described below in the “Terek-Aragvi Traverse Tectonostrati-
graphic Units and Their Bounding Structures” section of the Terek-Aragvi traverse.
Results are reported in Table S2 (footnote 1). Samples CT15019, CT15038, and
100711-1B are basaltic in composition, CT15049 is basaltic andesite, CT15051 is
basaltic trachyandesite, and CT15015 is trachyandesite. On the Th-3Tb-2Ta ternary
diagram (Cabanis and Thieblemont, 1988), all samples plot along the Th-3Tb
join, with CT15049 and 100711-1B plotting closest to the 3Tb vertex and CT15015
plotting closest to the Th vertex (Fig. 5A). All samples exhibited light rare earth
element (LREE) enrichment, with CT15015 and CT15019 showing the most pro-
nounced enrichment and CT15049 and 100711-1B showing the least pronounced
(Fig. 5B). All samples displayed pronounced Nb-Ta negative anomalies (Fig. 5C).

Detrital Zircon Analyses of Enguri Rocks

A previously published detrital zircon analysis from unit E-jv yielded a maxi-
mum depositional age of ca. 27 Ma, based on five analyses from the three youngest
grains in sample SWGC (Cowgill et al., 2016); this age is considerably younger than
the Bajocian (Jurassic) age reported on regional geologic maps (Gamkrelidze and
Kakhazdze, 1959). Stratigraphic context gives us reason to question the implied
Oligocene maximum depositional age because the sampled unit (E-jv) appears to
be stratigraphically down section from fossiliferous Cretaceous carbonate (E-jls). To
evaluate this discrepancy, we resampled the same outcrop originally sampled by
Cowgill et al. (2016), using field photographs to verify that the two samples were
located within +£2 m of one another. Here, we present detrital zircon analyses from
this duplicate sample, including an age spectrum and revised maximum deposi-
tional age (Fig. 2; Fig. S2). The analyses reported here reproduce the detrital zircon
age spectrum of the original SWGC sample, with the exception of the ca. 27 Ma
age peak seen in the SWGC sample, despite a larger number of analyses in the
replicate sample (128 vs. 106 analyses). We infer that the three Oligocene grains
in the original SWGC sample were a contaminant likely introduced during sam-
ple processing, and that the maximum depositional age of this unit is ca. 157 Ma,
consistent with prior mapping as Bajocian (Middle Jurassic; Fig. 2).

Low-Temperature Thermochronology of Enguri Rocks

We report six new low-temperature thermochronology ages from the
Enguri traverse (Fig. 2; Table 1), including three apatite (U-Th-Sm)/He ages
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TABLE 1. SUMMARY OF THERMOCHRONOLOGY RESULTS

Sample Unit label  Tectonostratigraphic Reported age Latitude Longitude Altitude Apatite Apatite fission-
domain (°N) (°E) (m) (U-Th)/He age® track age’
(Ma) (Ma)
Enguri traverse
AB1027b* - Dizi Silurian—Devonian 43.03902778 42.35536111 870 - 5.49 +1.01
AB1028* E-ds1 Dizi Mississippian 43.01361111 42.3095 861 - 4.23 +0.83
100311-3A E-ks Khaishi Middle Jurassic 42.98740815 42.25974958 733 4.19+0.76 -
CT15047 E-kv Khaishi Middle Jurassic 42.95539 42.1937 655 1.93+0.34 -
100411-1 E-iv Idliani Middle Jurassic 42.9349221 42.13588784 534 2.68 +0.24 -
AB1030* E-iv Idliani Middle Jurassic 42.92311111 42.09055556 567 - 103.95 + 21.96
AB1018* - - Middle Jurassic 42.4339267 42.743605 274 - 136.55 + 10.71
Terek-Aragvi traverse
CT15092 A-as1 Ananuri Lower Cretaceous 42.3532 44.70846 1130 6.97 + 0.06 -
CT15113 A-as1 Ananuri Lower Cretaceous 42.16097 44.70196 850 5.13 +0.81 -

Note: See Supplemental Material (text footnote 1) for full analytical results.
*Unpublished from Avdeev (2011).

Errors reported at 1 standard error.

SErrors reported at 1o.

and three previously unpublished apatite fission-track ages from Avdeev (2011).
Analytical details are provided in Table S4 (see footnote 1).

We combined these new data with published low-temperature thermo-
chronology from the orogen, using apatite (U-Th-Sm)/He, apatite fission-track,
zircon (U-Th)/He, and zircon fission-track systems (Hess et al., 1993; Kral and
Gurbanov, 1996; Avdeev, 2011; Avdeev and Niemi, 2011; Vincent et al., 2011,
2020; Vasey et al., 2020). This combined data set provides relatively few verti-
cal transects or analyses of multiple thermochronometric systems on single
samples. However, these data provide bounds on the amount of exhumation
of the sampled units during the Cenozoic, based on closure temperatures
of ~70 °C for apatite (U-Th-Sm)/He (Farley, 2000), ~110 °C for apatite fission
track (Gleadow et al., 1983), ~180 °C for zircon (U-Th)/He (Reiners, 2005), and
~230-340 °C for zircon fission track (Tagami, 2005).

Within the Dizi domain, apatite fission-track analyses yielded ages of 5.49
+ 1.01 Ma (AB1027b) and 4.23 + 0.83 Ma (AB1028) (Fig. 2; Table 1). Samples
from within the Khaishi domain yielded apatite (U-Th-Sm)/He ages of 4.19
+0.76 Ma (100311-3A) and 1.93 + 0.34 Ma (CT15047). All four of these ages are
substantially younger than unit depositional ages, which range from Paleozoic
(Dizi domain) to Jurassic (Khaishi domain).

The Idliani domain, in the southern half of the Enguri traverse, yielded
an apatite (U-Th-Sm)/He age of 2.68 + 0.24 Ma (100411-1) and an apatite fis-
sion-track age of 103.95 + 21.9 Ma (AB1030). Both ages are younger than the
Jurassic depositional age of the samples.

Finally, we report an additional apatite fission-track age from southeast of
our mapping traverse, but within units we project along strike to be analogous
to the Jvari domain. This sample (AB1018) yielded an age of 136.55 + 10.71 Ma,
younger than the mapped Late Jurassic age of the unit.

B TEREK-ARAGVI TRAVERSE RESULTS (CENTRAL GREATER
CAUCASUS)

Our mapping transect across the central Greater Caucasus followed the
Terek and Aragvi Rivers from the Georgia-Russia border near the town of Ste-
pantsminda (42.660°N, 44.641°E) in the north to the town of Jinvali (42.110°N,
44.771°E) ~100 km to the south. The transect spanned from north of the topo-
graphic range crest of the Greater Caucasus and across the foreland basin
south of the range to within ~40 km of the Georgian capital of Thilisi (Figs. 1
and 6). While we made field observations south of Jinvali as far as the town
of Mtskheta on the outskirts of Tbilisi, we did not map this area at 1:100,000
scale due to lack of exposure. We present each tectonostratigraphic domain
and the units within it, in order of exposure from north to south.

Beyond the northern extent of the mapping transect and the Georgia-Russia
border, the northern flank of the range at the latitude of the Terek-Aragvi
traverse is broken by a north-vergent fold-and-thrust belt (Sobornov, 1994,
1996) that includes active folding in the Terek-Sunzha belt within the north-
ern foreland basin (e.g., Forte et al., 2014). Seismic and well data from the
fold-and-thrust belt indicate that it is a thin-skinned feature, similar to the
active old-and-thrust belts in the southern foreland Rioni and Kura basins. The
fold-and-thrust belt deforms strata that overlie Late Jurassic- to Eocene-age
limestone; structures root into a detachment along Jurassic-aged evaporite
deposits beneath the carbonate, which in this region is at a depth of ~7 km
(Sobornov, 1994, 1996). The northern fold-and-thrust belt accommodates
between 30 and 50 km of shortening, and late Miocene-aged strata suggest
that deformation in this region did not begin before that time (Sobornov, 1996).
South of the fold-and-thrust belt, the strata dip gently northward (~10°-30°)
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Ermakov, 1989). Cross section was compiled from field data and 1:200,000 geologic maps (Kandelaki and Kakhazdze, 1957; Gamkrelidze, 1958; Gubkina and Ermakov, 1989). Stereograms show poles to bedding planes (or, in the case of the Gveleti domain, foliation in gneiss) in an equal-area projection, and they use a Kamb

contour with an interval of 5.
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along the northern flank of the Greater Caucasus, and several back-thrusts may
accommodate additional shortening of >10 km (Sobornov, 1996).

Terek-Aragvi Traverse Tectonostratigraphic Units and Their Bounding
Structures

Along the Terek-Aragvi traverse (A), we identified four distinct tectonostrati-
graphic domains: Gveleti (g), Pasanauri (p), Ananuri (a), and Jinvali (j), which
are composed of three rock types, crystalline rocks (x), clastic sedimentary rocks
dominated by interlayered sand and mudstone (s), and limestone (Is), with a
total of 10 discrete map units (Figs. 6 and 7). The Gveleti domain consists of a
crystalline unit (A-gx) and a metasedimentary unit (A-gs). The Pasanauri domain
contains three distinct clastic units (A-ps1, A-ps2, and A-ps3). The Ananuri domain
contains two distinct clastic units (A-as1 and A-as2). The Jinvali domain is a
mixed clastic and carbonate domain (A-js1, A-js2, and A-jls). The eastern traverse
notably lacks volcaniclastic sequences similar to those along the Enguri traverse
to the west (E-iv, E-kv, and E-jv). Bedding strike was observed to be remarkably
consistent along the Terek-Aragvi traverse and varied only +~20° from the average
(stereograms, Fig. 6), similar to the Enguri traverse, with average strike direction
rotating ~20°clockwise, from ~270°-280° in the north to ~290°-300° in the south.

Gveleti Domain: Granodiorite and Metasedimentary Rock

Unit A-gx is granodiorite of the Dariali Massif, exposed along the Terek River
north of Stepantsminda (Gubkina and Ermakov, 1989). This unit is locally gneissic
and intruded by numerous subvertical mafic dikes that are subparallel to one
another and to compositional banding in the granodiorite. Intrusive dikes contain
pyroxene and feldspar phenocrysts in a medium-coarse basaltic groundmass.

Unit A-gs is a metasedimentary unit that is dominated by dark-gray slate
and phyllite in outcrops along the Terek River and is flanked by A-gx to both
the south and north. Contact relationships between units A-gx and A-gs are
enigmatic and could be depositional or structural, although an intrusive rela-
tionship is precluded by the older age of A-gx relative to A-gs (Vasey et al.,
2020). Prevalent secondary mineralization includes quartz veins and equant
pyrite (up to centimeter scale). Bedding is subvertical to steeply north dipping
(80°). Well-developed cleavage is generally more prominent and more steeply
dipping than bedding, and the two can be difficult to distinguish.

Gveleti Fault

The southern margin of A-gx is defined by a shear zone that juxtaposes the
granodiorite to the north against fine-grained metasedimentary rocks of the Pas-
anauri domain to the south. The shear zone itself is characterized by mylonitization
of granodiorite, hydrothermal alteration and quartz veins, and dominantly steeply

north-northeast—dipping foliation (Vasey et al., 2020). In exposures along the Terek
River, this structure, which we call the Gveleti fault, trends roughly NW-SE.

Pasanauri Domain: Phyllite, Slate, and Marl

Unit A-ps1 consists of dark-gray slate and phyllite. Secondary mineralization in
the form of quartz veins and equant pyrite (up to centimeter scale) is found in many
outcrops. Bedding is steeply north dipping (~80°) to subvertical, with consistent
WNW strike. Well-developed cleavage is typically more prominent than bedding.

Unit A-ps2 is composed primarily of dark-gray slate. The contact between
A-ps1 and A-ps2 is not directly exposed, but structural orientations across it are
consistent, and so we infer it to be depositional and conformable. Within expo-
sures of A-ps2, 30-50-cm-thick tabular and laterally continuous sandstone beds
punctuate otherwise slaty outcrops; some contain horizons of normally graded
bedding ~10 cm thick. Well-developed cleavage is typically present and is as well
expressed in outcrop as is bedding. Bedding within A-ps2 remains steeply north
dipping (~80°) to subvertical, with consistent WNW strike. Folds within A-ps2
are commonly visible in hillsides and typically have hinge zones ~100 m wide.

Unit A-ps3 is characterized by ~1-3-m-scale beds of sandstone, muddy
limestone, and marl, punctuated by thin (~10 cm) horizons of slate. In outcrop,
well-developed scours and load casts are commonly present on coarse-grained
bed bases. The abundance and thickness of slate/shale horizons vary geograph-
ically, with marl and sandstone more abundant north of Gudauri (Fig. 8) and
slate and mudstone dominant to the south. Bedding within A-ps3 remains
WNW-striking and primarily north dipping (50°-80°; Fig. 6). Unit A-ps3 breaks with
a conchoidal fracture pattern, and fine-grained horizons are slaty but not phyllitic.

Pasanauri Fault

The inferred Pasanauri fault juxtaposes unit A-ps3 to the north against unit
A-as1 to the south. The contactis inferred to be structural based on abrupt changes
in induration, rock type, layering, and structural style. South of the Pasanauri fault,
the Ananuri domain is characterized by unmetamorphosed sedimentary rocks
with poor cleavage. Rock types include sandstone, shale, marl, and limestone, the
latter of which is uncommon within A-ps3. Sedimentary structures are common
within the Ananuri domain, in contrast to units north of the Pasanauri fault (other
than A-ps3), where they are difficult to identify. Bedding in the Ananuri domain
is quite rhythmic, with beds rarely thicker than 1 or 2 m. The Ananuri domain is
deformed by regularly spaced faults and localized zones of disharmonic folding.

Ananuri Domain: Interbedded Marine Sandstone, Marl, and Limestone

Unit A-as1 is characterized by interbedded sandstone and dark-gray to
black shale. Beds are generally 0.5-2 m thick, and grading and cross-bedding
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Figure 7. Tectonostratigraphic column for units in the Terek-Aragvi traverse. Unit descriptions were compiled from outcrops, hand samples, and thin
sections. Unit thicknesses were estimated based on mapping and structural data. References for mapped age: 1—Vasey et al. (2020); 2—Gubkina and
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Figure 8. Field photographs. (A) Scour casts at the base of a coarse bed within A-ps3.
Field of view is ~2 m wide. Facing NW. (B) A-ps2 shows strongly developed cleavage (in
orientation of black and yellow pencil), which is nearly as prominent as bedding (in ori-
entation of gray and black marker) in some outcrops. Facing SE. (C) At the southern end
of the Terek-Aragvi traverse, limestone and marl of unit A-as2 have rhythmic, ~1-m-thick
bedding. Facing W. (D) Near the top of unit A-as2, deformation is highly disharmonic near
fold hinges and faults (hammer for scale). Facing W.

are regularly present. Trace fossils are abundant at the bases of sandy beds
in the upper part of the section. Paleoflow direction is southward, based
on sedimentary structures. Poorly developed axial planar cleavage, more
steeply dipping than bedding, is present in outcrops of A-as1 and is less
distinct than bedding.

A gradational contact separates units A-as1 and A-as2 and is defined by
the first appearance of prominent limestone horizons in outcrop. Unit A-as2
is distinguished by rhythmic, thinly bedded (~0.1-0.5 m) limestone with dark
shale interbeds. Internal to this unit, there is a distinctive package of red shale,
green marl, and limestone that is ~10 m thick and stratigraphically bounded
both above and below by gray shale and limestone. While bedding orientations

are generally consistent with map-scale structures, this unit locally exhibits
complex and disharmonic deformation near large structures.

Bedding dips within the Ananuri domain are ~40-60°N, in contrast to the
typically subvertical dips within the Pasanauri domain. Anticlines typically
have southern limbs that are steeply south dipping to overturned. Within
this domain, fold hinge zones are typically only a few meters wide. We also
documented an increase in disharmonic deformation and flexural slip at fold
hinges, particularly evident in A-as2 (Fig. 8).

Ananuri Fault

The Ananuri fault is the structural boundary between the Ananuri domain
to the north and the less well-exposed Jinvali domain to the south. The fault
dip is ~45°N, constrained by the maximum dip of bedding in its hanging wall.

Jinvali Domain: Olistostrome, Mixed Sandstone and Conglomerates,
and Massive Carbonate

The Jinvali domain, in the footwall of the Ananuri fault, is lithologically
distinct from the Ananuri, Pasanauri, and Gveleti domains to the north. While
the units farther north are consistently fine-grained siliciclastic and carbonate
deposits, the Jinvali domain contains a variety of sedimentary rocks, including
coarse sandstone, pebble conglomerate, and massive limestone, in addition
to fine mudstone and shale.

Unit A-js1 is characterized by poorly lithified black shale and mudrock that
are generally poorly exposed. The stratigraphic bottom of unit A-js1 was not
observed along our mapping traverse. Channelized interbeds of medium- to
fine-grained sandstone, 1-3 cm thick, punctuate outcrops of A-js1. Cross-bed-
ding and trace fossils within sandstone lenses provide stratigraphic facing
direction. Sedimentary structures indicate variable paleoflow directions that
are broadly north directed.

Unit A-jls is a massive, coarse-grained, and blocky gray limestone, with
exposure limited to the southeastern corner of the mapping transect. The
contact relationship between units A-js1 and A-jls was unclear due to poor
exposure. In the vicinity of the Jinvali Dam, A-jls is unconformably overlain
by unit A-js2. Outcrops of unit A-jls are not laterally continuous, and bedding
orientation and continuity were difficult to determine.

Unit A-js2 unconformably overlies units A-js1 and A-jls and consists of
interbedded shale, sandstone, and coarse sand to pebble conglomerate.
Sandstone and conglomerate lenses are variable in thickness, discontinuous
at outcrop scale, matrix supported, and composed of well-rounded quartz
grains and lithic fragments. This unit contains blocks of coarse clastic rock,
as well as large (up to ~10 m diameter) blocks of massive carbonate that
appear to have been sourced from unit A-jls, enveloped by finer-grained
deposits.
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Other Mapped Units

A-ig is an igneous intrusive unit exposed in the northern half of the Terek-
Aragyvi traverse, reported as Cenozoic in age (Gubkina and Ermakov, 1989). This
unit is most identifiable by the dramatic topography it supports, most notably
in a peak along the east side of the road ~10 km south of Stepantsminda (Fig. 6).
Outcrops in the river valleys or near the road define prominent edifices that
are flanked by large debris fans. Map patterns suggest that this unit intrudes,
and postdates, units A-ps1 and A-ps2 (Fig. 6).

Quaternary basaltic extrusive volcanic flows (A-qv) are also common in the
northern half of the Terek-Aragvi traverse. These flows are commonly clearly
expressed topographically, filling drainages and abutting valley walls. Based
on map patterns, many of these flows appear to have been sourced from
Mount Kazbeg, although other vents may also be present.

We also mapped Quaternary cover units when they obscured the bedrock
geology along the traverse. We identified these as abandoned river terraces
(Qt), alluvial deposits (Qa), or debris fans (Qf).

Southern Foreland (Okami and Kvernaki Anticline)

A fold-and-thrust belt deforms the foreland basin up to several tens of
kilometers south of the topographic range front and is bounded to the south
by north-directed structures associated with the Achara-Trialet thrust belt
in the Lesser Caucasus region south of the transect (see “Geologic Setting”
section; Banks et al., 1997; Alania et al., 2017). While it is likely that some of
these structures are active and linked to the Greater Caucasus, the structural
complexity of the region obscures linkages between the fold-and-thrust belt
and structures in either the Greater Caucasus or the Achara-Trialet thrust belt
(Banks et al., 1997; Szymanski, 2005).

Low-Temperature Thermochronology of Terek-Aragvi Rocks

We report two new low-temperature thermochronology ages from the central
Terek-Aragvi traverse (Fig. 6; Table 1). In the northern part of the Ananuri domain,
in the central part of the traverse, sample CT15092 yielded an apatite (U-Th-Sm)/He
age of 6.97 + 0.06 Ma. At the southern end of the Ananuri domain, sample CT15113
yielded an apatite (U-Th-Sm)/He age of 5.13 £ 0.81 Ma. Both ages are considerably
younger than the Cretaceous depositional ages of the units sampled.

B DISCUSSION OF THE ENGURI TRAVERSE

The style and expression of deformation change distinctly from north to
south along the Enguri traverse. In the northern Dizi and Khaishi domains,
folds are typically isoclinal, and of large enough scale that they often are not

observable within a single outcrop; in the southern Idliani and Jvari domains,
folds exhibit asymmetric limb dips, generally with anticlines verging to the south,
and hinge zones that are localized enough so as to be observed at the outcrop
scale. Changes in metamorphic grade commonly occur across faults, particularly
at the northern end of the mapping traverse, and they were used to help identify
locations of otherwise poorly exposed structures (see “Geochemistry of Enguri
Volcanic Rocks” section). We interpret these increases in bedding dip, extent of
deformation, and metamorphic grade along the mapping traverse to represent
a northward increase in exhumation depth, such that the thrust sheets at the
northern end of the traverse represent a deeper stratigraphic and/or structural
level than those of lower metamorphic grade farther south.

Evidence for Major Structures

Our data from the Enguri traverse suggest that the western Greater Cauca-
sus is subdivided by at least three or four major faults, each with the potential
for a significant amount of displacement (tens of kilometers). In each case, the
fault location and orientation we mapped are consistent with mapped lithologic
boundaries on 1:100,000 and 1:200,000 scale geologic maps (e.g., Gamkrelidze
and Kakhazdze, 1959; Dzhanelidze and Kandelaki, 1957; Zdilashavili, 1957; Kan-
delaki, 1957; Gubkina and Ermakov, 1989; Gamkrelidze, 1958; see also section
on “Definition of Georgian Tectonostratigraphy”). In our field experience with
these maps, faults are inconsistently identified, and age determinations are
not always reliable, but lithologic boundaries are generally well located. As
a result, we feel confident in using the lithologic boundaries on published
maps to extrapolate faults across mapping transects and along strike. Where
possible, we inferred fault dip based upon constraints from map patterns of
fault traces (i.e., changes in contact orientation across topography).

The broad correlation between bedding strike and orientation of major
faults is consistent with the interpretation of the Greater Caucasus having
undergone one major tectonic episode since Mesozoic time (namely, the clo-
sure and inversion of the Greater Caucasus Basin; see “Background” section).
Our structural data, which show remarkably consistent bedding orientations
both along and across strike, indicate only one tectonic episode. In this con-
text, the dip of bedding provides a minimum bound on fault dip, assuming
that faults formed in previously undeformed stratigraphy and must cut up
section or parallel to bedding.

Several structures we identified, e.g., the Ushba and Dizi faults, have been
previously described (Dotduyev, 1986; Adamia et al., 2011b; e.g., Somin, 2011;
Vasey et al., 2020) and clearly accommodate significant (i.e., multiple kilo-
meters) displacement based on the different rock types and metamorphic
grades they juxtapose. We argue that the Idliani and Khaishi faults likely also
accommodate significant displacement and play a major role in the structural
architecture of the orogen, based on evidence from (1) sediment provenance
and basin paleogeography, (2) volcanic provenance, and (3) low-temperature
thermochronology. This suite of four major faults acts as an imbricate fan to

Trexler et al. | Tectonostratigraphy and major structures of the Georgian Greater Caucasus



http://geosphere.gsapubs.org

GEOSPHERE | Volume 18 | Number 1

accommodate shortening within the orogen, and we interpret steeper dips of
bedding on the northern portion of the traverse to be a result of in-sequence
stacking of new thrust sheets beneath the growing imbricate fan.

Evidence from Sediment Provenance and Basin Paleogeography

Sedimentary rocks from the northern and southern ends of the traverse
exhibit discrete provenance signatures, suggesting that one or more structures
within the traverse may represent a major tectonic boundary. Sedimentary
rocks from the Dizi and Khaishi tectonostratigraphic domains can be grouped
into a single suite with similar provenance, based on distinctive grains and
clasts, paleoflow directions, and sedimentary facies. Within the Dizi and Khaishi
domains at the northern end of the Enguri traverse, units E-ds2, E-ks, and E-iv
contain quartz grains showing evidence of strain (undulose extinction of grains
in thin section), but otherwise they do not show evidence of metamorphism
beyond cleavage development. While EBSD analysis of a sample within this unit
did show minor alignment of crystallographic axes (see Supplemental Text and
Fig. S3), this is inconsistent with the kinematics represented by the macroscopic
fabric and likely indicates an inherited fabric. The lack of metamorphic phases
and fabric development in the unit itself, combined with the existence of a weak,
inherited crystallographic fabric, leads us to conclude that the metamorphism
of the unit itself was relatively low, and that strained quartz grains in unit E-ds2
are detrital and indicate a metamorphic unit contributed as a sediment source
rather than indicating strain of the sample after deposition. Because the grains
are detrital within the most metamorphosed unit (E-ds2) of the domain, we
interpret the strained quartz grains in the less-metamorphosed to unmetamor-
phosed samples (e.g., units E-ds1, A-ps2, A-js2) to be detrital as well. Samples
from the northern (Dizi and Khaishi) tectonostratigraphic domains also contain
detrital strained quartz and mica grains and are fine grained and apparently
distal from the sediment source. The presence of metamorphic grains and the
southward paleoflow directions indicated by sedimentary structures together
suggest that these sediments were sourced from the north.

In contrast, the Jvari domain, at the south end of the Enguri traverse, con-
spicuously lacks the detrital mica and strained quartz that characterize the
tectonostratigraphic domains north of the Idliani and Khaishi faults. Instead,
the Jvari domain contains abundant volcanic and volcaniclastic lithic fragments
and exhibits secondary calcite. Sedimentary units within the Jvari domain also
appear to have been deposited in a proximal setting, as indicated by coarse
sandstone, gravel, and petrified wood, none of which is seen in the sedi-
mentary units farther north. Sedimentary structures within the Jvari domain
indicate northward paleoflow.

This suggests that units within the Jvari domain did not receive sediment
from the same source areas as units in the northern (e.g., Khaishi) domains.
These observations are consistent with detrital zircon analyses, in which sam-
ples from areas south of the Idliani fault show almost exclusively 180-160 Ma
ages (Fig. 2; Fig. S2), while samples from further north along the traverse

(e.g., WGC-1, 2 from Tye et al., 2021; N2, N3 from Vasey et al., 2020) have both
mid-Jurassic and Paleozoic peaks. Whether unit E-iv within the Idliani domain
itself belongs to the northern or southern sedimentary package is difficult to
discern based on field observations, in part due to the poor exposure of this unit.

Published maps (Gamkrelidze and Kakhazdze, 1959) indicate that much of
the sedimentary section along the Enguri traverse was deposited during Middle
to Late Jurassic time. If these age assignments are correct, then the discrete
northern and southern sedimentary provenance regions appear to have been
fed into the Greater Caucasus marine basin more or less simultaneously (e.g.,
Cowgill et al., 2016, 2018). However, because independent confirmation of these
ages is lacking, it is also possible that the differences between the northern
and southern domains represent a temporal shift in provenance, with one of
the provenance regions being older than the other.

Evidence from Multiple Discrete Volcanic Sources

We interpret, based on field and laboratory observations, that the volcanic
and volcaniclastic units from the Khaishi, Idliani, and Jvari domains are derived
from at least two discrete volcanic sources, separated geographically by the
Idliani fault. We separated these units into a northern group (units E-kv and
E-iv) and a southern group (unit E-jv), as described below.

Outcrops of the northern group, in particular, unit E-kv, are characterized
by distinct horizons of coarse breccia and pillow lava interspersed within finer-
grained sedimentary intervals. In contrast, unit E-jv of the southern group is
defined by continuous exposure of massive volcanic breccia with few marker
beds or other indicators of stratigraphic layering and facing direction.

Major- and trace-element geochemistry analyses support the distinction that
we drew from field and thin-section observations. In particular, sample CT15019
from unit E-kv exhibited stronger LREE enrichment than samples CT15038 and
CT15049 from unit E-jv (Fig. 5B), consistent with (though not uniquely indica-
tive of) separate volcanic sources. Sample CT15015 in unit E-ki also exhibited
strong LREE enrichment (Fig. 5B); however, this sample contained ~60 wt%
SiO,, and this pattern may be the result of fractional crystallization of a more
primitive melt. Additional geochemical analyses are needed to determine if
these contrasting REE patterns are consistent across the Khaishi fault.

Evidence from Low-Temperature Thermochronology

The compiled low-temperature thermochronology results we report from
the Enguri traverse are not numerous enough for detailed thermal modeling,
but they do provide important constraints on exhumation magnitude and
timing across structures along the traverse. In order to discuss these con-
straints, we classified samples as either “collisional” or “precollisional,” as a
shorthand for whether the sample in question was exhumed during growth of
the modern Greater Caucasus (collisional, thermochronometric ages younger
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than ca. 30 Ma) as opposed to being either detrital or exhumed prior to the
Cenozoic onset of Arabia-Eurasia collision (precollisional, thermochronometric
ages older than ca. 35 Ma; Avdeev and Niemi, 2011; Vincent et al., 2011, 2007).

Samples that we refer to as “collisional” have been buried deeply enough
to exceed closure temperature of the thermochronometric system in question
and then exhumed, thus exhibiting thermochronometric ages that are younger
than both the depositional or crystallization age of the rock analyzed and the
presumed timing of onset of the Arabia-Eurasia collision at 30 Ma. For sed-
imentary and extrusive volcanic rocks, thermochronometric ages younger
than 30 Ma must reflect a history of postdepositional burial and subsequent
exhumation. For intrusive igneous or metamorphic rocks, these ages may
reflect postcrystallization/metamorphic cooling, reburial and exhumation, or
primary exhumation (for more details, see Supplemental Material [footnote 1]).

For apatite (U-Th-Sm)/He analyses, the boundary between collisional and
precollisional samples is located between the Idliani domain (collisional sample
100411-1) and the Jvari domain (precollisional sample WG28c/5 in the Chanis
River section; Fig. 2; Vincent et al., 2011). Along the Tskhenis River, ~60 km east
of the Enguri transect, we interpret published analyses (Vincent et al., 2011) to
indicate that this boundary is between presumed collisional sample WG137/1,
which is along strike of the Dizi domain, and precollisional samples W66¢/2
and WG67/8, which are along strike of the Jvari domain (Figs. 1and 2; Fig. S4A).
We presume sample WG137/1 is collisional in the apatite (U-Th-Sm)/He system
based on its collisional apatite fission-track age and the higher closure tem-
perature of the apatite fission-track system relative to the (U-Th-Sm)/He system.

In the apatite fission-track system, the boundary between collisional and
precollisional ages is located farther to the north in the orogen than in the
apatite (U-Th-Sm)/He system, between the Dizi domain (collisional fission-track
sample AB1028) and the Idliani domain (precollisional sample AB1030; Fig. 2).
Because the apatite fission-track system records a higher closure temperature
than the apatite (U-Th-Sm)/He system, this indicates a gradient of increasing
exhumation levels from south to north along the traverse.

In the zircon (U-Th)/He system, we infer that the boundary between col-
lisional and precollisional ages lies south of the Ushba domain, based upon
collisional ages of samples N3 and N1 (Vasey et al., 2020), which straddle the
Ushba thrust, and samples A1, T3, and T1 (Avdeev, 2011; Avdeev and Niemi,
2011) in the crystalline basement of the Ushba domain (Figs. 1 and 2). Although
precollisional ages have yet to be reported from the southern part of the Enguri
traverse, we infer that the boundary in this system is no farther south than the
Idliani domain (precollisional apatite fission-track sample AB1030, with a lower
closure temperature relative to the zircon [U-Th]/He system; Fig. 2). No reset
zircon fission-track or “°Ar/**Ar ages have been reported from the Caucasus
(e.g., Avdeev and Niemi, 2011); thus, maximum Cenozoic exposure levels for
much of the Greater Caucasus appear to be no greater than depths equivalent
to paleotemperatures of ~<220 °C.

Apatite (U-Th-Sm)/He analyses reported by Vincent et al. (2011) from the
Chanis and Tskhenis River sections were performed on aliquots consisting
of 2-4 grains each, with ages reported as the mean of three to four replicate

analyses for each sample. Because the reported ages are all older than (Tskhe-
nis), or equal to (Chanis), the reported depositional ages, it appears that these
are analyses of detrital grains, the ages of which were either unreset or only
partially reset after deposition. In such a case, each individual apatite grain
is expected to have a different (U-Th-Sm)/He age. Thus, the meaning of the
mean ages as reported in the original publication is not clear because multiple
grains (2-4) of potentially variable age were analyzed in each of the three to
four replicate analyses that were then averaged. However, because the samples
appear to have detrital or only partially reset (U-Th-Sm)/He ages, we conclude
that the break in apatite (U-Th-Sm)/He ages occurs north of these samples.

Structural Geometry of the Enguri Traverse

Based on our stratigraphic, structural, and thermochronologic data, we
infer that the Enguri traverse is subdivided by at least four major structures—
the Ushba, Dizi, Khaishi, and Idliani faults. Each fault separates two distinct
tectonostratigraphic packages, with differing metamorphic grade (e.g., the Dizi
fault, separating the Dizi and Khaishi domains), sedimentary provenance (e.g.,
the Idliani fault, separating the Idliani and Jvari domains), deformation style
(e.g., the Ushba fault, separating the crystalline core from the Dizi domain),
and/or thermal histories (e.g., the Idliani fault in the apatite [U-Th-Sm]/He
system and the Khaishi fault in the apatite fission-track system). Given these
differences, particularly with sedimentary provenance and metamorphic grade,
each of these faults may accommodate significant magnitudes of shortening
(i.e., potentially tens of kilometers or more). Together, the Ushba, Dizi, Khaishi,
and Idliani faults divide the mapping traverse into a broadly south-vergent
imbricate stack (e.g., Fig. 2).

Limited exposure along the traverse restricts more detailed investigation of
the structures themselves. Detailed offset estimates across these tectonostrati-
graphic domain-bounding faults identified here cannot be quantified due to the
lack of stratigraphic correlation across them or field exposures of hanging-wall
cutoffs. Similarly, lack of direct exposure of the structures themselves requires
that fault geometry be inferred based on the surrounding geometries. Faults
in the northern half of the traverse have inferred dips of >~70°N, constrained
by the orientation of bedding in the hanging wall. In these cases, we assume
that these structures initially formed in-sequence and cut upward through
bedding, an inference supported by structural data (Fig. 2), though these data
do not preclude other interpretations.

Il DISCUSSION OF THE TEREK-ARAGVI TRAVERSE
Evidence for Major Structures along the Terek-Aragvi Traverse

Our data from the Terek-Aragvi traverse suggest that several major faults
subdivide the central Greater Caucasus into tectonostratigraphic domains,
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much like the Enguri traverse, with each fault potentially accommodating sig-
nificant (tens of kilometers) displacement. In cases where we did not directly
observe fault planes, we inferred fault orientations that are consistent with
observed exposures. Using the same constraints as we did along the Enguri
traverse (see “Evidence for Major Structures” section), we constrained fault
location and orientation using our own mapping and mapped lithologic
boundaries on 1:100,000 and 1:200,000 scale regional geologic maps (e.g.,
Gambkrelidze and Kakhazdze, 1959; Dzhanelidze and Kandelaki, 1957; Zdilas-
havili, 1957; Kandelaki, 1957; Gubkina and Ermakov, 1989; Gamkrelidze, 1958;
see “Definition of Georgian Tectonostratigraphy” section). Where possible,
we inferred fault dip based upon constraints from map patterns of fault traces
(i.e., changes in contact orientation across topography). Similarly, we inferred
that the dip of bedding provides a maximum bound on fault dip, assuming
that faults formed in previously undeformed stratigraphy and must cut up
section or parallel to bedding.

Along the Terek-Aragvi traverse, the Gveleti and Ananuri faults (at the
northern end and southern end of the traverse, respectively) appear to be
major structures, based on changes in both rock type and either metamorphic
grade (Gveleti) or sedimentary provenance (Ananuri). The intervening portion
of the Terek-Aragyvi traverse does not seem to contain any fundamental breaks
in depositional setting or sediment provenance.

The Gveleti fault appears to be a major structure based upon the juxtapo-
sition of tectonostratigraphic units (granodiorite to the north, and fine-grained
metasedimentary rocks to the south) and the presence of a mylonitic shear
zone (Vasey et al., 2020). In keeping with prior work referring to this structure
as the Main Caucasus thrust (Mosar et al., 2010), this structure may be analo-
gous to the Ushba fault along the Enguri traverse to the west, where Paleozoic
crystalline basement is emplaced over metasedimentary rocks. Due to the
lithologic complexity of the Gveleti domain, the Gveleti fault is not as clearly
expressed as the Ushba fault.

We concluded that the Ananuri fault is a major structure from the dif-
ferences in rock type and sediment provenance between the Ananuri and
Pasanauri domains to the north and the Jinvali domain to the south. Specif-
ically, the Ananuri and Pasanauri domains are dominated by marl and shale,
whereas the Jinvali domain contains approximately meter-scale limestone
olistolith, massive carbonate, pebble conglomerate, and coarse sandstone.
In thin section, rocks north of the Ananuri fault contain detrital mica and
lack volcanic lithic grains, whereas those to the south lack detrital mica and
contain volcanic lithic clasts not seen elsewhere on the traverse. Prior stud-
ies have similarly reported limestone olistoliths enveloped in a muddy to
sandy matrix within the Jinvali domain, with the blocks being inferred to have
been derived from the southern flank of the Greater Caucasus marine basin
(Banks et al., 1997; Cowgill et al., 2016). The significant differences between
the tectonostratigraphic domains to the north and south of the Ananuri fault
suggest this structure accommodated approximately tens of kilometers or
more displacement, resulting in the juxtaposition of different portions of the
original sedimentary basin.

Metamorphism is phyllite grade or lower along the entire traverse and
decreases from north to south, which we interpret to represent a southward
decrease in exhumation depth. The only prior thermochronology results
reported along the Terek-Aragvi traverse are those from Vasey et al. (2020),
which are confined to the northern end of the traverse and thus limit the con-
clusions we can draw. However, the two apatite (U-Th-Sm)/He ages reported
here are both collisional (younger than 30 Ma), indicating that the boundary
between collisional and precollisional apatite (U-Th-Sm)/He ages is well south
of the Pasanauri fault, potentially as far south as the Ananuri fault, nearly at
the southern end of the mapping traverse (Fig. 6), or beyond. Because apatite
fission-track and zircon (U-Th)/He ages for sample AB0938 within the Gveleti
domain are also collisional (Vasey et al., 2020), the boundaries between col-
lisional and precollisional samples in these two systems are inferred to lie
south of this domain, although this provides little constraint considering that
this sample is near the north end of the traverse.

Structural Geometry of the Terek-Aragvi Traverse

The Gveleti, Ananuri, and Pasanauri faults divide the Terek-Aragvi traverse
into a south-directed imbricate thrust stack in which bedding dips increase
northward. At the northernmost end of the mapping traverse, subvertical fault
dips are inferred based on the maximum dip of bedding in the footwall and an
assumption that faults cut either parallel to bedding or up section. In the latter
case, the faults may in fact be overturned and dip steeply south. We found no
evidence of major back-thrusts or out-of-sequence thrusting along this traverse.

The Terek-Aragvi traverse consists of marine basin sedimentary deposits
along its entire length, with the lack of Mesozoic volcanic or volcaniclastic
deposits here standing in marked contrast to the Enguri traverse to the west.
Because the two traverses are separated by over 100 km along strike, we sug-
gest that this difference in rock type results from along-strike variation in the
depositional setting, source areas, and overall geometry of the depocenter(s)
in which these units were deposited within the Greater Caucasus Basin. More
work is needed, particularly in the region between the two traverses we present
here, to further explore the reasons for these differences.

B IMPLICATIONS FOR OROGEN-SCALE STRUCTURE AND THE
CONTINUITY OF MAJOR STRUCTURES ALONG STRIKE

Integration of our lithologic and structural observations with published
1:200,000 scale geologic maps (Dzhanelidze and Kandelaki, 1957; Kandelaki,
1957; Zdilashavili, 1957; Gamkrelidze, 1958; Gamkrelidze and Kakhazdze, 1959;
Gubkina and Ermakov, 1989) leads us to suggest that the major thrust faults
identified on each traverse are continuous along strike of the range and can be
extrapolated from one traverse to the next by correlating the lithologic and struc-
tural boundaries observed along the traverses. Published thermochronologic
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observations in the western Greater Caucasus (Hess et al., 1993; Kral and Gur-  low-angle thrusts, each with multiple kilometers of horizontal displacement,
banov, 1996; Avdeev, 2011; Avdeev and Niemi, 2011; Vincent et al., 2011, 2020;  rather than a series of high-angle, reactivated reverse faults with primarily
Vasey et al., 2020) provide support for these along-strike correlations (Fig. 9). We  vertical displacement.
collectively refer to these structures as the North Georgia fault system (Fig. 10).

Faults within the North Georgia fault system are often steeply (>60°) dip-
ping, particularly in the core of the range. However, in most cases, these faults ~ North Georgia Fault System: Correlating Major Structures Along Strike
are shallowly dipping relative to the bedding in the hanging wall, suggesting
they formed as low-angle faults. Based upon this geometric relationship, we Prior work has proposed multiple structures that extend along strike of the
suggest that the North Georgia fault system represents a series of originally ~ Greater Caucasus (e.g., Philip et al., 1989; Allen et al., 2004; Mosar et al., 2010;
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Figure 9. Locations and ages of new and previously published low-temperature thermochronology analyses in the n Greater Cat Data set was compiled from Hess et

al. (1993); Kral and Gurbanov (1996); Avdeev (2011); Avdeev and Niemi (2011); Vincent et al. (2011, 2020); and Vasey et al. (2020). (A) Apatite (U-Th-Sm)/He. (B) Apatite fission track.
(C) Zircon (U-Th)/He. (D) Zircon fission track. Shades of yellow, orange, and red indicate collisional samples; blue indicates precollisional samples. Map extent is identical to Figure 1B.
Faults are colored by relative age juxtaposition across structures. Black lines indicate Lesser Caucasus structures. Faults within the North Georgia fault system are labeled: US—Ushba;
DI—Dizi; KH—Khaishi, ID—Idliani; RL—Racha/Lehkhumi; RFTB—Rioni fold-and-thrust belt; GV — Gveleti; PA—Pasanauri; AN— Ananuri. Ages: Pz—Paleozoic; Mz—Mesozoic; Cz—Cenozoic.
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Saintot et al., 2006; Somin, 2011; Adamia et al., 2011a, 2011b; Kadirov et al.,
2012; Forte et al., 2014; Vasey et al., 2020), often as various proposed locations
of the Main Caucasus thrust. Several of the structures within the proposed
North Georgia fault system are consistent with these structures, including in
the northern core of the range (MCTa in Fig. 10; Mosar et al., 2010; Adamia et
al., 2011b) and along the southeastern range front (MCTb in Fig. 10; Saintot
et al., 2006; Kadirov et al., 2012; Forte et al., 2014, 2015b). The juxtaposition of
strata of broadly similar age across each thrust fault (other than the Ushba and
Gveleti faults) suggests that no single primary fault exists along the full strike
of the range. Instead, each fault in the North Georgia fault system appears to
play a similar role in the construction of the orogen.

The ages of the structures within the North Georgia fault system, as con-
strained by ages of the units they deform, decrease on the north and south
flanks of the range compared to within its core. While this does not preclude
young activity on structures in the core of the range, it suggests a structural
geometry consistent with the interpretation of the central Greater Caucasus
as a bivergent orogenic wedge (Forte et al., 2014). A pattern of structural ori-
entations oblique (<20°) to the strike of the orogen is consistent along strike
of the range. This divergence may be due to the original geometry of the
Greater Caucasus Basin or subbasins within the greater basin (e.g., Adamia
et al., 2011a). Alternatively, we propose that it may result from oblique plate
convergence across the Greater Caucasus Basin.

Ushba/Dizi-Gveleti/Pasanauri Fault System

Our field data and structural interpretations lead us to correlate the Ushba/
Dizi faults along the Enguri traverse with the Gveleti/Pasanauri faults along the
Terek-Aragvi traverse to create the northernmost fault in the North Georgia
fault system. This connection is supported by field data showing consistent
bedding and structural orientations and correlation of map units on 1:200,000
scale geologic maps (Dzhanelidze and Kandelaki, 1957; Kandelaki, 1957; Zdilas-
havili, 1957; Gamkrelidze, 1958; Gamkrelidze and Kakhazdze, 1959; Gubkina
and Ermakov, 1989). However, in detail, the internal correlations within the
Ushba/Dizi-Gveleti/Pasanauri system are unclear, due to the lack of detailed
thermochronologic, lithologic, and provenance observations needed to cor-
relate specific tectonostratigraphic units and their bounding faults within the
system. One possibility is that the Ushba fault branches eastward along strike
to link with both the Gveleti and Pasanauri faults. Another is that the Ushba
and Gveleti faults are linked to one another and are separate from the Dizi and
Pasanauri faults, which are connected via a fault not shown on Figure 10. Prior
work has argued that the Ushba—Pasanauri structure is an inherited structure
that is as old as Middle Jurassic, predating much of the deposition within the
Greater Caucasus Basin, and so it does not represent a high-displacement
Cenozoic thrust (e.g., Somin, 2011). Recent work by Vasey et al. (2020) docu-
mented Mesozoic shearing along the Gveleti and possibly the Ushba shear
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zones, which clearly indicates that while these structures accommodated some
of the Cenozoic exhumation within the Greater Caucasus, a substantial com-
ponent of this exhumation was due to slip along other thrusts to the south
within the North Georgia fault system.

Khaishi/ldliani-Racha—Lechkhumi-Ananuri Fault System

Based on our field mapping and compilation of map and thermochrono-
logic data, we also suggest an along-strike connection of the Khaishi/ldliani
faults on the Enguri traverse with the Ananuri fault at the southern end of the
Terek-Aragvi traverse via the intervening Racha-Lechkhumi fault (as defined
by Vincent et al., 2018). We further propose that the Khaishi/ldliani-Racha-
Lechkhumi-Ananuri fault system links with the Zangi thrust at the southern
mountain front in the eastern Greater Caucasus in Azerbaijan, which has been
interpreted as the primary shortening structure (MCTb in Fig. 10) in this part of
the orogen (Saintot et al., 2006; Forte et al., 2014). Importantly, the Zangi thrust
also clearly juxtaposes southern volcaniclastic and northern nonvolcaniclastic
domains (Kopp and Shcherba, 1985), similar to the Idliani/Khaishi fault system
along the Enguri traverse.

Field observations, combined with initial basin geometry interpreted from
detrital zircon provenance data (Cowgill et al., 2016), highlight the significance of
the Khaishi/ldliani-Racha-Lechkhumi-Ananuri fault system as a major shorten-
ing structure. On the Enguri traverse, field data, including paleoflow directions,
correlate well with existing detrital zircon data (Cowgill et al., 2016), suggesting
the existence of a major shortening structure in the central part of the traverse,
likely along the Khaishi and/or Idliani faults. On the Terek-Aragvi traverse, no
detrital zircon provenance data have been reported to constrain the locations
of zones of major shortening. Field observations and structural interpretations
suggest that the Ananuri fault, at the southern end of the traverse, is likely to be
such a major shortening structure, based on the juxtaposition of distinct rock
types across this fault and its truncation of a continuous stratigraphic package
within the structurally imbricated strata of the Pasanauri domain to the north.

Combining Geological Observations and Low-Temperature
Thermochronology

The apatite (U-Th-Sm)/He and fission-track results reported here contribute
to a growing data set documenting the exhumation history of the western
Greater Caucasus (Kral and Gurbanov, 1996; Avdeev and Niemi, 2011; Vincent
et al., 2011, 2020; Vasey et al., 2020). The combined data indicate systematic
variations in the depth of exhumation across strike, with low-temperature
thermochronometers yielding collisional ages (as defined in the “Evidence
from Low-Temperature Thermochronology” subsection of the “Evidence for
Major Structures” section) in the core of the range and precollisional ages
on the margins, with the regional extent of collisional ages increasing in area

inversely with the closure temperature of the given system, such that the sys-
tem with the lowest closure temperature, i.e., apatite (U-Th-Sm)/He, has the
largest area of collisional ages (Fig. 9; Table S4). Boundaries between domains
with collisional and precollisional ages appear to correlate well with structures
in the North Georgia fault system (Figs. 9 and 10): The Idliani fault defines the
boundary in the apatite (U-Th-Sm)/He system, and the Khaishi fault defines
the boundary in the apatite fission-track system. Samples from the hanging
wall (north) of the Ushba/Dizi and Gveleti/Pasanauri faults record the deepest
exhumation levels in the range. Meanwhile, samples from the footwall (south)
of the Khaishi/ldliani-Racha-Lehkhumi-Ananuri fault systematically record
ages older than Cenozoic, consistent with limited exhumation in that portion
of the orogen. Although samples are limited between the Ushba/Dizi-Gveleti/
Pasanauri faults in the north and the Khaishi/ldliani-Racha-Lehkhumi-Ananuri
faults in the south, the existing data record a mixture of collisional apatite
(U-Th-Sm)/He and precollisional apatite fission-track ages, suggesting inter-
mediate magnitudes of exhumation.

These results are consistent with the interpretation that structure(s) within
the North Georgia fault system represent significant structural boundaries
in the orogen. The spatial separation of collisional versus precollisional age
boundaries in different thermochronologic systems may additionally have been
triggered or amplified by lateral advection of material during exhumation (e.g.,
Batt and Brandon, 2002), as might be expected in an accretionary prism-like
environment. No single structure appears to act as a boundary between dra-
matically different exhumation magnitudes (i.e., a collocated break in ages
of multiple thermochronologic systems), as might be expected if a structure
was actively accommodating vertical displacement.

Addressing Prior Structural Interpretations
Main Caucasus Thrust and the North Georgia Fault System

Major structures within the Greater Caucasus are the subjects of various,
typically contradictory interpretations regarding their significance and role in
the orogen, resulting in the lack of a coherent structural framework. One such
major structure is the north-dipping Main Caucasus thrust, which is widely cited
as the primary structure of the orogen. However, interpretations of the location,
geometry, and significance of the Main Caucasus thrust are highly variable.
Some infer that the Main Caucasus thrust is active and accommodates most
shortening across the Greater Caucasus (e.g., Philip et al., 1989; Jackson, 1992;
Allen et al., 2004; Reilinger et al., 2006). The Main Caucasus thrust has been
variably interpreted as a low-angle thrust with >30 km of slip (e.g., Dotduyey,
1986; Mosar et al., 2010), a high-angle fault with minor horizontal displacement
(e.g., Somin, 2000, 2011), a remnant of the Paleotethys suture (e.g., Natal'in and
Sengor, 2005), and both the basal detachment (Mosar et al., 2010) and backstop
(Forte et al., 2014) of a southward-propagating thrust wedge. In addition, the
location of the Main Caucasus thrust is disputed, particularly in the eastern
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Greater Caucasus, where some authors place it near the southern topographic
front of the range (e.g., Saintot et al., 2006; Kadirov et al., 2012; Forte et al.,
2014, 2015a), while others place it farther north, near the topographic crest
of the range (Mosar et al., 2010; e.g., Adamia et al., 2011b). Low-temperature
thermochronology across one of the Main Caucasus thrust candidate faults,
in the core of the western Greater Caucasus, suggests that the fault in ques-
tion may accommodate some component of Cenozoic exhumation, but that
other Cenozoic structures to the south are also important (Vasey et al., 2020).

The orogenic architecture we propose here may in part explain the confu-
sion in published literature regarding the location of the Main Caucasus thrust.
Rather than a single dominant fault extending the length of the orogen, we
instead documented multiple significant structures that appear to be more-or-
less continuous along strike. We propose that the Ushba/Dizi-Gveleti/Pasanauri
and ldliani/Khaishi-Racha/Lehkhumi-Ananuri fault systems are two examples
of such continuous structures within the North Georgia fault system, which
extends throughout the western Greater Caucasus (Fig. 9).

Each of these structures has the potential to be interpreted as the Main
Caucasus thrust in one or more locations along its strike; however, our results
suggest that no single surface-breaking fault functions as the primary struc-
ture within the orogen. We suggest that by highlighting multiple potentially
major structures within the orogen, the North Georgia fault system provides a
more productive framework for understanding the structural geometry of the
western Greater Caucasus than the current Main Caucasus thrust paradigm.

Role of High-Angle Structures in the Greater Caucasus

Prior studies (e.g., Adamia et al., 2011b; Vincent et al., 2018) have docu-
mented multiple high-angle faults in the core of the western Greater Caucasus,
including the structures that make up the North Georgia fault system. These
faults are often considered to have formed as extensional structures during
earlier tectonic episodes and to have been reactivated in the current tectonic
setting as reverse faults (Yakovlev, 2012; e.g., Vincent et al., 2018). In this view,
and given their steep dips, such structures have been proposed to accommo-
date rock uplift within the orogen with relatively little shortening.

The observations we present here support an alternative explanation:
Namely, these structures did not originally form at high angles but instead
initiated as lower-angle thrust faults that have since been rotated to their cur-
rent orientations by progressive southward propagation of the active thrust
front as the orogen has grown. We support this interpretation by noting that
while faults within these domains are high-angle structures in their current
positions, they appear to be low-angle structures relative to the bedding they
crosscut, which is also steeply dipping and even subvertical in the northern
tectonostratigraphic domains (Figs. 2 and 6). The lithology across low-angle
faults suggests that such structures may record multiple kilometers of dis-
placement, enough to juxtapose units from different depositional facies and
exhumation levels, and other spatially and temporally derived lithologic

changes, against each other. Such subparallel bedding and fault orientations
are relatively easily produced in a single tectonic setting when the deforma-
tion is accommodated in repeated thrust sheets (i.e., an imbricate fan). The
alternative model for producing this geometric relationship—that high-angle
normal faults formed within a package of already steeply dipping stratigraphy —
would require multiple discrete tectonic episodes since the deposition of the
Mesozoic-age Caucasus Basin stratigraphic section (compression to deform
bedding, followed by extension to form normal faults, and finally compres-
sion to reactivate faults as high-angle reverse faults). This multiphase history
is not supported by other data sets in the current model of Greater Caucasus
evolution (see “Background” section; Fig. 1B).

We did not document discrete, nor significant, change in exhumation
maghnitude as indicated by metamorphic grade and low-temperature ther-
mochronology across any individual fault, as might be expected if these
high-angle structures were active in their current orientation. Instead, exhu-
mation magnitude gradually increases in the interior of the range but does
not seem to be concentrated across any individual fault. Additional thermo-
chronology data sets are needed to more conclusively document exhumation
patterns across individual structures.

Researchers have debated the existence and relative importance of high-
angle, often orogen-oblique, strike-slip faults within the Greater Caucasus.
We did not observe any field-based evidence for these strike-slip structures,
and other published geologic maps (e.g., Dzhanelidze and Kandelaki, 1957;
Kandelaki and Kakhazdze, 1957) show no offsets of stratigraphic contacts or
faults that would support their existence.

Greater Caucasus as an Imbricate Fan

In sum, we interpret the combined data presented here to indicate that
the western Greater Caucasus defines an imbricate fan (e.g., Boyer and Elliott,
1982), with decreasing fault and bedding dips and decreasing exhumation
depth from north to south along both traverses (see stereograms, Figs. 2 and 6).
The notable exception to this pattern is the Ushba fault on the Enguri traverse,
which has a moderate northward dip (~40°N); this structure was inherited from
earlier (Mesozoic) orogenic episodes and may not be active in the Cenozoic
(Vasey et al., 2020). Elsewhere on both traverses, thrust sheets at the north-
ern ends of the traverses have been lifted and steepened by each successive
thrust sheet added to the bottom of the imbricate stack as the active thrust
front has propagated southward to its current location at the southern end of
the traverses. This progressive, stepwise thrust front propagation and forma-
tion of new thrust sheets resulted in oversteepening and local overturning of
the previously active thrust sheets—in this case, structures in the northern
portion of each traverse, such as the secondary faults north of the Pasanauri
fault on the Terek-Aragvi traverse (Fig. 6). This model is consistent with our
structural observations along both traverses, which exhibit increasing dip
angles from south to north. In this model, the western Greater Caucasus may
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thus be analogous to the Triassic Songpan Ganzi complex in Tibet, in which
a package of turbidites was shortened into a belt of tight, upright folds with
associated metamorphism that was primarily low grade (Roger et al., 2008,
2010; Weislogel, 2008).

As a result of progressive back-rotation, the model predicts that faults
within the core of the range will also be steeply dipping or even overturned in
the modern orogen, again consistent with our observations. Thus, the model
provides an explanation for the high-angle faults observed within the Greater
Caucasus core (Somin, 2000; e.g., Adamia et al., 2011b; Vincent et al., 2018)
while also allowing for tens of kilometers or more of displacement across
these structures at earlier stages of orogen growth. This model is addition-
ally supported by low-temperature thermochronology data, which support
progressive increases in exhumation depth from the flanks of the range to
its core, but which do not appear to record large magnitudes of exhumation
across any individual structure.

Evolution of the Caucasus Basin

The structural, stratigraphic, petrographic, and geochemical observations
we present here provide additional insight into the paleogeography of the
Caucasus Basin, particularly during the Mesozoic. Much of the sedimentary
section exposed within the Greater Caucasus Mountains was deposited within
the Mesozoic-age Greater Caucasus Basin (see “Geologic Setting” subsection
of the “Background” section; Fig. 1C), which we broadly define as a back-arc
extensional basin (or set of basins) related to the subduction of Tethys Ocean
to the south of its southern margin (McCann et al., 2010; Mosar et al., 2010).
The presence of marine basin sedimentary rocks such as turbidites does not
constrain the scale or paleogeography of this basin, because such deposits
exhibit runout distances from a few tens to over a thousand kilometers (Mutti
et al., 2009). Analysis of detrital zircon provenance data from the Greater
Caucasus records minimal depositional exchange across the basin (Cowgill
et al., 2016), and Cowgill et al. (2016) suggested a maximum basin width of
~350-400 km based on the widths of the modern Black Sea and South Caspian
Basins, which are presumed to be along-strike analogues. Further stratigraphic
and structural data are required to better constrain the amount of crustal
shortening recorded within the orogen, and thus the scale of the marine basin
represented by these units.

Our stratigraphic observations broadly support the interpretations of basin
geometry inferred from detrital zircon provenance analysis (Cowgill et al.,
2016). On the Enguri traverse, relative grain size of sedimentary units is finest
near the southern end of the Khaishi domain, in agreement with the inter-
pretation of this stratigraphy being deposited in the interior and most distal
parts of the marine basin between the Paleozoic crystalline rocks to the north
and the Lesser Caucasus arc to the south (Fig. 1C). Sedimentary structures
suggest flow directions from the north on the northern end of the mapping
transect (in units E-ds2 and E-ks) and from the south at the southern end of

the mapping transect (in E-js and E-jv), also suggesting input from sources
on both sides of the basin.

Along the Terek-Aragvi traverse, strata in the Pasanauri and Ananuri
domains also show consistently south-directed flow. However, south of the
Ananuri fault, flow directions appear to shift, with several outcrops of A-js2
containing cross-beds with internally varying flow directions, suggesting local
channelization or climbing ripples that may obscure a signal. Importantly, the
rocks exposed in the Jinvali domain are not seen elsewhere on the Terek-Aragvi
traverse, including massive carbonate and pebble conglomerate. The stratig-
raphy and sedimentary structures exposed in the Jinvali domain are consistent
with prior interpretation of this domain as an imbricated sequence of Eocene
olistolith-bearing strata (Banks et al., 1997), and they suggest a different sedi-
ment source and depositional setting than units exposed north of the Ananuri
fault. Banks et al. (1997) proposed that the strata in this tectonostratigraphic
domain are associated with the southern flank of the Greater Caucasus marine
basin, while units north of the Ananuri fault represent deposits from within
the marine basin.

Our new major- and trace-element geochemical analyses of mafic-
intermediate rocks consistently yielded LREE enrichment and negative Nb-Ta
anomalies in the Jurassic volcanic/volcaniclastic section of the Caucasus Basin
(Fig. 5). These signatures are comparable with those seen in island-arc basalt
(IAB) and are indicative of a melt source influenced by subduction-zone fluids
(e.g., Jakes and Gill, 1970; Kelemen et al., 2003). Although most commonly
associated with volcanic arcs, the LREE enrichment and negative Nb-Ta anom-
alies are also predominant in continental back-arc basin settings such as the
Bransfield Strait, Okinawa Trough, and Tyrrhenian Sea (e.g., Saunders and
Tarney, 1984; Shinjo et al., 1999; Keller et al., 2002; Trua et al., 2014). Thus, our
geochemical analyses are consistent with previous workers who interpreted
these volcanic rocks to have been emplaced/deposited in a back-arc basin north
of, and behind, the Lesser Caucasus arc and above a north-dipping Neotethyan
subduction zone (e.g., Zonenshain and Le Pichon, 1986; Saintot et al., 2006;
McCann et al., 2010; Vincent et al., 2016; e.g., Fig. 1C). Our analyses do not
provide new evidence either supporting or refuting possible back-arc spreading
in the Caucasus Basin, which would predict that some samples have the LREE
depletion and lack of Nb-Ta anomalies typical of N-MORB sourced from pre-
viously depleted asthenosphere (e.g., Saunders and Tarney, 1984; Pearce and
Stern, 2006). However, a subset of samples elsewhere in the Caucasus Basin
does contain N-MORB-like signatures (Lordkipanidze et al., 1989; McCann et
al., 2010), and our analyses are consistent with, if not diagnostic of, Jurassic
back-arc spreading in the Caucasus Basin.

Our field observations also help to further develop understanding of the
sediment sources feeding the Tertiary foreland basins to the south of the
Greater Caucasus. Prior studies have identified high proportions of volcanic
lithic fragments in Oligocene-Miocene sandstone deposited in the foreland
basins south of the western Greater Caucasus, and they have determined
that these sediments were not derived from the Lesser Caucasus to the south
(Figs. 1B and 1C) based on the dominance of south-directed paleoflow at the
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time of deposition (Vincent et al., 2013, 2014). Instead, these researchers pro-
posed that these sediments were sourced from a volcanic/volcaniclastic-rich
“subbasin” that may have existed within the western Greater Caucasus Basin
but is no longer exposed. We suggest that the source(s) of these lithic frag-
ments may have been the volcanic/volcaniclastic units E-kv and/or E-jv, which
are widely exposed along the Enguri mapping traverse in western Georgia.

In this understanding of the western Greater Caucasus, structure(s) within
the North Georgia fault system represent an enigmatic suture between rocks
originating from opposite sides of the Mesozoic-aged Greater Caucasus Basin
(e.g., Fig. 1C). Any (and perhaps several) of the major faults within the North
Georgia fault system may act as significant shortening structures accommo-
dating closure of the Greater Caucasus Basin. Provenance, stratigraphic, and
thermochronologic data currently available suggest that the Khaishi/ldliani—
Racha-Lechkhumi-Ananuri fault is likely the primary suture, but further work
is needed on all structures within the North Georgia fault system to assess this
assertion and fully understand the role each structure played in the Cenozoic
evolution of the Caucasus orogen.

B CONCLUSIONS

Detailed geologic mapping along two traverses across the Greater Cau-
casus Mountains revealed uniform structural orientations along the orogen
and coherent stratigraphy consistent with the interpretation of the Greater
Caucasus as the result of closure of a back-arc marine basin (e.g., Adamia
et al., 2011a). Structures along both traverses are most simply interpreted
as a broadly in-sequence, southward-propagating imbricate thrust fan, with
repeating thrust sheets of similar stratigraphy and decreasing dip angle
and exhumation depth from north to south (this pattern is particularly well
expressed on the Terek-Aragvi traverse in the central Greater Caucasus). The
structures themselves generally are shallowly dipping relative to bedding in
their hanging walls, suggesting that they originated as low-angle structures,
and lithologic facies juxtaposition across faults suggests potentially multiple
kilometers of horizontal transport. Taken together, the data we present here
are consistent with a model of Greater Caucasus evolution in which the orogen
grows through displacement on low-angle thrusts, rather than reactivation of
rift-associated high-angle normal faults.

The Greater Caucasus imbricate fan is subdivided by several major struc-
tural boundaries along each of our traverses across the western range, which
we refer to collectively as the North Georgia fault system. In each case, these
structural boundaries are exhibited by stratigraphic juxtaposition and changes
in exhumation depth and metamorphic grade. One such fault, the Ushba-Pas-
anauri fault, is consistent with the location of the Main Caucasus thrust as
defined by Adamia et al. (2011b), Mosar et al. (2010), and Vasey et al. (2020)
in Georgia. Another fault, the Khaishi/ldliani-Ananuri fault system, appears
to correspond with the Racha-Lehkhumi system of Saintot et al. (2006) and
Vincent et al. (2018). The presence of multiple significant fault systems within

the range may have contributed to the confusion in the literature around the
location of a singular Main Caucasus thrust. We propose that defining these
faults collectively as the North Georgia fault system, rather than individu-
ally, more accurately represents the structural geometry and kinematics we
observed on the ground.

Moreover, we argue that the North Georgia fault system provides an
important framework for future investigations into the tectonic evolution of
the Greater Caucasus. A fundamental prediction of the continental collision
model of Greater Caucasus growth (e.g., Cowgill et al., 2016) is that there must
be, somewhere within the western Greater Caucasus, a tectonic suture that
marks the transition between material originating on the overriding plate to
the north and rocks derived from the downgoing or underthrust plate to the
south. We suggest that the North Georgia fault system represents this suture
zone, and future work may allow us to determine the kinematics and evolution
of individual faults in the system.
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