
ABSTRACT

Although the geometry and kinematics of 
the fi rst-order structures accommodating 
Arabia-Eurasia convergence are relatively 
well known in Turkey and Iran, major short-
ening structures remain poorly understood 
within the central portion of the collision 
zone, in eastern Anatolia and the Caucasus. 
New remotely sensed neotectonic mapping, 
synthesis of regional geologic and strati-
graphic data, and balanced cross sections 
suggest that the Kura fold-thrust belt has ac-
commodated the majority of Arabia-Eurasia 
convergence since the early Pliocene between 
the longitudes of ~45°E and ~49°E. This belt 
lies southeast of the N80°W-striking Greater 
Caucasus Mountains and forms an eastward-
narrowing band of elevated topography that 
roughly parallels the range front for ~400 km 
along strike. The belt is separated from the 
Greater Caucasus to the north by the 10- to 
25-km-wide Alazani Basin and comprises a 
series of predominantly south-verging folds 
deforming Eocene–Quaternary fl ysch and 
molasse. To document structural geometries 
within the Kura fold-thrust belt, we have 
used the Real-time Interactive Mapping 
System (RIMS) software to analyze Ad-
vanced Spaceborne Thermal Emission and 
Refl ection Radiometer (ASTER), visible to 
near-infrared (VNIR), and digital elevation 
model (DEM) data. This neotectonic map-
ping indicates an along-strike, eastward de-
crease in both structural complexity and the 
degree to which deformed geomorphic sur-
faces are dissected. Existing geologic maps 
indicate a corresponding eastward decrease 
in the depth of exposure. By integrating the 
structural geometries determined in our 
analysis of remote-sensing data with exist-
ing geologic data, we have constructed two 
balanced cross sections, which suggest these 

systematic along-strike variations result 
from a west-to-east decrease in total short-
ening within the Kura fold-thrust belt. We 
interpret this variable shortening to stem 
from eastward propagation of the Kura fold-
thrust belt. Comparison of our preliminary 
total shortening estimates with those pre-
dicted by current plate motions suggest that 
the Kura fold-thrust belt has accommodated 
~30%–40% (~25 km) of total Arabia-Eurasia 
convergence since 5 Ma, and thus forms a 
fi rst-order structural system within the cen-
tral portion of the collision zone.

INTRODUCTION

Much of our current understanding of how 
convergent deformation is accommodated 
within continents has come from intensive study 
of the Alpine-Himalayan orogenic system, 
which stretches from western Europe to eastern 
China. Previous work within this system has 
largely focused on the two end segments of the 
mountain chain, the Alps at the western end and 
the Himalaya and Tibetan Plateau to the east. 
In comparison, the central part of the collision 
zone, between Arabia and Eurasia, has received 
less attention, although it has produced both 
the Greater and Lesser Caucasus Mountains 
and the Turkish-Iranian Plateau. Both the 
Alps and Himalayas are essentially “middle-
aged” in the terms of orogenic systems, and as 
such, record orogenic processes that are active 
within mature mountain ranges. However, the 
early stages of deformation have been over-
printed in both belts (Axen et al., 2001). Alterna-
tively, the Arabia-Eurasia collision is in a much 
earlier stage of development, and hence provides 
a unique and, as of yet, largely untapped resource 
for understanding the dynamics and evolution of 
young continent-continent collisions.

Late Mesozoic to Cenozoic closure of the 
Neo tethys Ocean and subsequent collision of 
the Arabian and Eurasian continents has pro-
duced a zone of deformation within the Alpine-

Himalayan  belt that extends over 2500 km along 
strike. Estimates for the timing of collision be-
tween Arabia and Eurasia are poorly constrained 
and include early Paleocene (Berberian and 
King, 1981), Eocene (Hempton, 1987), early 
Miocene (Robertson, 2000), mid-Miocene 
(Dewey et al., 1986), late Miocene (McQuarrie 
et al., 2003), and early Pliocene (Philip et al., 
1989). Increasingly it has been recognized that 
the wide variation in reported ages of collision 
may result from both diachronous timing of 
collision along strike and numerous small col-
lisional events occurring throughout the Ceno-
zoic, but the current best estimates suggest that 
continental collision began ca. 35 Ma (Allen and 
Armstrong, 2008) and that consumption of Neo-
tethys was complete by ca. 11 Ma (e.g., Keskin, 
2003; Şengör et al., 2003; Hafkenscheid et al., 
2006). Although a major reorganization of the 
collision zone occurred at ca. 5 Ma, it appears 
that current plate motions and boundaries can be 
extrapolated back to this time (e.g., Westaway, 
1994; McQuarrie et al., 2003; Allen et al., 2004).

The fi rst-order structural systems accommo-
dating northward movement of Arabia with re-
spect to Eurasia since 5 Ma are relatively well 
understood in the western and eastern thirds of 
the collision. West of 41°E, convergence has 
been absorbed by the westward expulsion of 
Anatolia along the conjugate right-slip North 
Anatolian and left-slip East Anatolian faults 
(McKenzie, 1972). East of 48°E, oblique con-
vergence has been accommodated by NE-SW 
thrusting in the Zagros, both NE-SW–directed 
thrusting and dextral movement along the 
Main Recent Fault (Talebian and Jackson, 
2002), and N-S shortening across the Alborz 
range (Axen et al., 2001; Guest et al., 2006) 
and Apsheron Sill (Allen et al., 2002). In con-
trast, the location, geometry, and kinematics of 
the fi rst-order structural systems in the central 
third of the collision (41°E to 48°E) remain un-
clear (Fig. 1A).

The central portion of the collision zone lies be-
tween the Black and Caspian Seas, and  contains 
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both the East Anatolian Plateau and the Greater 
and Lesser Caucasus Mountains (Fig. 1). In this 
area, both local (Reilinger et al., 2006) and global 
(Sella et al., 2002) plate motions derived from 
global positioning system (GPS) measurements 
indicate Arabia currently moves at 15–16 mm/a 
toward N10°W relative to stable Eurasia, which 
is oblique to the N80°W strike of this portion of 
the collision zone (Fig. 1A).

It has long been argued that this oblique mo-
tion is partitioned between slip on conjugate sets 
of NW-striking dextral and NE-striking sinistral 
strike-slip faults in the East Anatolian Plateau 
and range-perpendicular shortening within the 
~N80°W-striking Greater Caucasus (e.g., Jack-
son, 1992; Reilinger et al., 1997; McClusky 
et al., 2000; Vernant et al., 2004; Dhont and 
Chorowicz, 2006). A series of north-dipping 
thrusts (Koçyiğit et al., 2001) defi nes the south-

ern front of the Greater Caucasus range and are 
commonly interpreted as the most important 
shortening structural system in the Caucasus  
region (e.g., Reilinger et al., 2006). Recent 
GPS surveys indicate that most of the East Ana-
tolian Plateau and the Lesser Caucasus appears 
to behave rigidly, with <1–2 mm/a of internal 
deformation (Reilinger et al., 2006), implying 
that 8–14 mm/a of Arabia-Eurasia convergence 
occurs  north of the Lesser Caucasus, between 
the Kura Basin and the Greater Caucasus 
(Fig. 1B, Reilinger et al., 2006; Allmendinger 
et al., 2007). However, the density of GPS sta-
tions is insuffi cient to resolve the locations of 
the major structures along which this NE-SW–
directed shortening occurs.

Previous workers have suggested that short-
ening in the Greater Caucasus region is local-
ized along the southern range front (Philip et al., 

1989; Allen et al., 2004), based on clusters of 
seismicity with focal mechanisms indicat-
ing south-directed thrusting (Jackson, 1992). 
However, this pattern of seismicity may not ac-
curately refl ect the location and kinematics of 
the fi rst-order structures in this region, because 
coseismic deformation accounts for only 10%–
20% of the deformation in the Caucasus region 
(e.g., Westaway, 1990; Jackson, 1992; Tan and 
Taymaz, 2006). Allen et al. (2003) hypothesized 
that deformation within the Greater Caucasus 
has propagated both eastward, into the South 
Caspian, and into both the northern and south-
ern forelands fl anking the range.

To address this problem, we used remote 
sensing techniques and previously published 
bedrock geology and stratigraphic studies to 
investigate the neotectonic geology of the Kura 
fold-thrust belt, which is an elongate range of 
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Figure 1. Maps showing Arabia-Eurasia kinematics, major structures, and location of the Kura fold-thrust belt. (A) Overview of the 
Arabia-Eurasia collision zone. Arrows with numbers indicating rates (mm/a) show motion of Arabian plate relative to stable Eurasia 
as computed using REVEL 2000 velocity model (Sella et al., 2002) and the UNAVCO plate motion calculator at http://sps.unavco.org/
crustal_motion/dxdt/nnrcalc/. Solid lines show fi rst-order structures in the western and eastern thirds of the collision zone (NAF—North 
Anatolian fault; EAF—East Anatolian fault). Dotted black line represents approximate location of the Bitlis suture, and black box outlines 
the extent of Figure 1B. (B) Shaded relief map of the Caucasus region and Kura Basin. White brackets frame Kura fold-thrust belt. Pairs of 
opposing black arrows indicate current shortening rates across the southeastern margin of the Greater Caucasus derived from a global 
posi tion ing system (GPS) block model (Reilinger et al., 2006). Black box outlines the boundaries of neotectonic (Plate 1) and geologic 
(Plate 2) maps, and lines A–A′ and B–B′ represent the lines of section illustrated in Figures 8 and 9, respectively. Focal mechanisms of 
major earthquakes from the global Centroid Moment Tensor (CMT) catalog (http://www.globalcmt.org). Major structures discussed in the 
text appear in black (DTS—Dagestan Thrust System, GCRF—Greater Caucasus Range-Front Fault system, WCF—West Caspian Fault, 
LCRF—Lesser Caucasus Range-Front Fault, PSSF—Pambak-Sevan-Sunik Fault). The locations of the GCRF, LCRF, and PSSF come 
from Koçyiğit et al. (2001), the WCF from Allen et al. (2003), and the DTS from Philip et al. (1989). It should be noted that as described in 
the text the exact location, kinematics, and activity of these structures are disputed. Base hillshade image generated from Shuttle Radar 
Topographic Mission (SRTM) 90-m digital elevation model (DEM). A color version of this fi gure is available in the GSA Data Repository.
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topography that lies southeast of the Greater 
Caucasus and roughly parallels the Greater Cau-
casus range front for ~400 km along strike. This 
chain of ridges and valleys lies within Azer-
baijan and eastern Georgia and separates the 
Alazani and Kura basins to the north and south, 
respectively (Fig. 1B). Here we document struc-
tural geometries within the Kura fold-thrust belt 
by using new software tools (Bernardin et al., 
2006) to analyze remotely sensed multispectral 
and digital elevation data. Together with pre-
vious results, our work suggests that the Kura 
fold-thrust belt has accommodated ~30%–45% 
of total Arabia-Eurasia convergence since 5 Ma 
at these longitudes, and appears to have initi-
ated diachronously along strike due to eastward 
propagation of deformation.

We begin our summary of the Kura fold-thrust 
belt with a brief discussion of the geologic his-
tory of the Kura Basin and surrounding regions 
since 5 Ma. We then describe our neotectonic 
observations, which indicate that the Kura fold-
thrust belt comprises a series of actively grow-
ing folds with axes trending roughly parallel to 
the Greater Caucasus range front. To understand 
the style of shortening within this fold-thrust 
belt, we then integrate the structural geometries 
determined in our neotectonic mapping with a 
new compilation of geologic and stratigraphic 
observations to produce a pair of balanced cross 
sections, which we use to estimate the magni-
tude and age of shortening within the fold-thrust 
belt. Finally we conclude by discussing the 
implications of these results on the kinematic 
evolution of the central Arabia-Eurasia collision 
since 5 Ma (early Pliocene).

TECTONIC SETTING

Kura and Alazani Basins

The Kura fold-thrust belt defi nes the north-
ern edge of the Kura Basin, which separates 
the Greater and Lesser Caucasus Mountains 
to the north and south, respectively, and which 
has a long axis that trends roughly parallel to 
the strike of the Greater Caucasus (Fig. 1B). 
Although the topographic range herein referred 
to as the Kura fold-thrust belt has previously 
been called the Transcaucasus (Koçyiğit et al., 
2001), we do not use this name because it has 
also been used to refer to a number of differ-
ent features in the region, as reviewed by Banks 
et al. (1997). For example, Khain (1975) used 
the name “Transcaucasus” to describe the entire 
region separating the Greater and Lesser Cau-
casus ranges between the Black to the Caspian 
seas and including the Kura, Alazani, Rioni, and 
Karthaliny basins as well as the Dzirula mas-
sif (Fig. 1B). Alternatively, the term has also 

been used to refer just to the Lesser Caucasus 
and their eastern extensions (Sobornov, 1994; 
Yılmaz et al., 2000) or just the Achara-Trialet 
belt (Fig. 1B) (Adamia et al., 1992; Golonka, 
2004, 2007).

The geologic history and role of the Kura 
Basin  within the Arabia-Eurasia collision zone 
remain enigmatic. The basement underlying 
this basin has been interpreted as a westward 
continuation of the oceanic crust that under-
lies the South Caspian basin (Zonenshain and 
Le Pichon , 1986). More recently, it has been 
suggested that much of the Kura Basin is 
under lain by a Jurassic to Cretaceous island arc 
(Nadirov  et al., 1997). The total crustal thickness 
of the Kura Basin decreases from ~60 km along 
the western margin of the basin to ~45 km adja-
cent to the South Caspian depression (Mangino 
and Priestly, 1998). This decrease appears to 
result from the gradual eastward thinning of 
the lower crustal section (Mangino and Priestly, 
1998), which is overlain by a relatively constant 
cover sequence of 5–8 km of Cenozoic sedi-
ments and ~10 km of Mesozoic crystalline and 
volcanic rocks (Mangino and Priestly, 1998; 
Ershov et al., 2003).

Koçyiğit et al. (2001) describe the Kura Ba-
sin as a fl exural foreland basin. Along its west-
ern margin (~45°E), NE-SW–trending seismic 
sections indicate a typical foreland geometry, 
in which Cenozoic siliciclastic sediments are 
~5–8 km thick near the Greater Caucasus range 
front and then gradually thin southward toward 
the Lesser Caucasus (Ershov et al., 2003). The 
smaller Alazani Basin, which is separated from 
the Kura Basin by the Kura fold-thrust belt 
(Fig. 1B), appears to be a piggy-back basin 
under lain by a décollement linking faults along 
the Greater Caucasus range front with structures 
in the Kura fold-thrust belt (e.g., Philip et al., 
1989; Koçyiğit et al., 2001).

The sedimentary fi ll of the Kura Basin has 
been described as either molasse within an inter-
montane basin (Khain, 1975; Krem enetskiy 
et al., 1990; Tevelev and Blyumkin, 1990) or 
as an accretionary prism (Philip et al., 1989). 
The overall Cenozoic sedimentary sequence 
within the Kura Basin is generally equivalent 
to that in the South Caspian basin, although the 
total thickness of the Cenozoic section varies 
signifi cantly, from ~5–7 km in the Kura Basin 
(Agabekov  et al., 1976; Mangino and Priestly, 
1998) to >20 km in the South Caspian Basin 
(Berberian, 1983). In the Kura Basin, seismic 
sections and well log data both indicate that 
strata have a regional dip of 1°–2° N and that 
stratal thicknesses of Plio-Pleistocene sedi-
ments increase northward, toward the Greater 
Caucasus range front (Agabekov et al., 1971, 
1976; Ershov et al., 2003), but that thicknesses 

of Pre-Pliocene sediments do not appear to vary 
systematically from north to south (Agabekov 
et al., 1976). This observation is consistent with 
the interpretation of Koçyiğit et al. (2001) that 
the Kura is a fl exural-foreland basin loaded by 
the Greater Caucasus and suggests syn-Pliocene 
timing for the loading.

Lesser Caucasus

The Lesser Caucasus Mountains are gener-
ally interpreted as an upper Cretaceous island 
arc that formed during north-directed subduc-
tion along the south side of the arc (present 
coordinates), prior to closure of the Neotethys 
ocean (Robinson et al., 1995; Yılmaz et al., 
2000; Golonka, 2007). The northern margin of 
the Lesser Caucasus is thought to be bounded 
by a range-front thrust fault system, but the na-
ture of this structure is disputed. Thrusts dipping 
both south (Zonenshain and Le Pichon, 1986) 
and north (Philip et al., 1989; Jackson, 1992; 
Koçyiğit et al., 2001) have been proposed. The 
structure is also sometimes discussed in rela-
tion to the Pambak-Sevan-Sunik fault, which 
lies south of the range front (Fig. 1A). Geomor-
phic and paleoseismic studies of this fault sug-
gest primarily dextral strike-slip motion during 
the Holocene (Philip et al., 2001), but the only 
earthquake recorded from this fault is the 1988 
(M = 6.9) compressional event near Spitak, 
Armenia (Philip et al., 1992).

Reconnaissance neotectonic maps of the 
Lesser Caucasus and East Anatolian Plateau 
suggest that these regions are characterized by 
active E-W–striking shortening structures, such 
as the Lesser Caucasus range-front fault (Philip 
et al., 2001), NW-striking (dextral) and NE-
striking (sinistral) strike-slip faults, and N-S–
striking normal faults (e.g., Rebai et al., 1993; 
Koçyiğit et al., 2001; Copley and Jackson, 2006; 
Dhont and Chorowicz, 2006). It is important to 
note that while maps of active structures in this 
region agree on the general deformational style, 
they are inconsistent regarding the kine matics, 
geometry, and existence of specific major 
structures (e.g., Barka, 1992; Saroglu, 1992; 
Berberian and Yeats, 1999; Koçyiğit et al., 2001).

Greater Caucasus

A number of workers (e.g., Adamia et al., 
1977; Gamkrelidze, 1986; Zonenshain and 
Le Pichon, 1986; Golonka, 2007) interpret the 
Greater Caucasus to have formed by tectonic 
inversion of a former backarc ocean that origi-
nally opened during north-dipping subduction 
of Neotethys along the southern margin of the 
Lesser Caucasus arc. The timing of cessation 
of subduction and subsequent shortening and 
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tectonic  inversion of the Greater Caucasus basin 
are poorly defi ned, with estimates ranging from 
the late Eocene (Lozar and Polino, 1997; Saintot  
and Angelier, 2002) to the Pliocene (Philip 
et al., 1989), but with most estimates focusing 
on the Oligocene (e.g., Adamia et al., 1977; 
Vincent  et al., 2007) or Miocene (e.g., Kopp and 
Shcherba, 1985; Ershov et al., 2003; Meulen-
kamp and Sissingh, 2003). The spatial evolu-
tion of Greater Caucasus exhumation is also 
unclear, with hypotheses including: two distinct 
exhumation events with the western half of the 
range being exhumed before the eastern half 
(Král and Gurbanov, 1996), a single continuous 
exhumation event that began near the midpoint 
of the range and propagated laterally toward the 
eastern and western ends (Hovius and Allen, 
2000), or a single exhumation that began in the 
west and gradually propagated eastward (Allen 
et al., 2003). Limited low-temperature, thermo-
chronologic data seem to support the hypoth-
esis of eastward propagation of exhumation in 
the Greater Caucasus, with apatite fi ssion-track 
ages that progressively young from the middle 
to late Miocene from the western to central 
Greater Caucasus (Král and Gurbanov, 1996), 
and Pliocene (U-Th)/He ages in the eastern 
Greater Caucasus (Avdeev and Niemi, 2008). 
The low-temperature thermochronologic results 
are also consistent with recent provenance stud-
ies within the lower Pliocene Productive Series 
of Azerbaijan and the South Caspian, which 
suggest signifi cant uplift and erosion of the 
eastern Greater Caucasus occurred as recently 
as the late Pliocene (Morton et al., 2003; Hinds 
et al., 2007).

Estimates of Total Shortening

Previous estimates of total shortening across 
the Caucasus are uncertain, ranging from 130 
to 200 km across the Greater Caucasus to 200–
900 km across the combined Lesser and Greater 
Caucasus. We are aware of only one geologi-
cally based total shortening estimate across the 
Greater Caucasus, in which Dotduyev (1986) 
estimated 200 ± 50 km of shortening based on 
palinspastic reconstructions. Sobornov (1994) 
used reconstructions based on seismic sections 
and well log data to estimate that the Dages-
tan thrust system (Fig. 1B), located along the 
northeast margin of the Greater Caucasus, has 
accommodated 20–50 km of shortening. Allen 
et al. (2004) extrapolated this percent shorten-
ing estimate across the entire Greater Caucasus 
to arrive at ~130 km of total shortening. Esti-
mates for total shortening across the Greater and 
Lesser Caucasus as a whole are similarly poorly 
constrained. Bazhenov and Burtman (1989) 
originally suggested a total of 900 ± 350 km of 

shortening across the Lesser and Greater Cauca-
sus, based on paleomagnetic data from the Lesser 
Caucasus. Improvements in technique allowed 
Bazhenov and Burtman (2002) to refi ne this 
estimate to ~400 km of total shortening, based 
on a synthesis of Dotduyev’s (1986) shortening 
estimates and paleomagnetic evidence of oro-
clinal bending of the Pontide-Lesser Caucasus 
arc, which was fi rst described by Adamia et al. 
(1979) and Asanidze and Pecherskiy (1979). 
Finally, Ershov et al. (2003) used area balancing 
of crustal scale sections from seismic lines to 
estimate between 200 and 300 km of total short-
ening across the Lesser and Greater Caucasus.

Present-Day Velocity Field

Previous work has focused on using patterns 
of seismicity and/or geodetic measurements to 
determine the present-day kinematics of defor-
mation within the central sector of the Arabia-
Eurasia collision zone (e.g., McKenzie, 1972; 
Westaway, 1990; Jackson, 1992; Priestley et al., 
1994; Westaway, 1994; Jackson and Ambraseys , 
1997; Jackson et al., 2002). Convergence rates 
determined from seismicity are signifi cantly 
smaller than those estimated by geodetic 
methods. For example, Westaway (1990) used 
magnitudes of historic and recent earthquakes 
paired with reconnaissance fi eld observations in 
Armenia to suggest that the Caucasus are short-
ening at 2–3 mm/a, with a maximum possible 
rate of 6 mm/a. Westaway (1990) further pro-
posed that only 1 mm/a of this shortening was 
concentrated in the Kura Basin in Azerbaijan. In 
contrast, more recent GPS measurements imply 
signifi cantly faster shortening rates. Studies by 
McClusky et al. (2000), Reilinger and Barka, 
(1997), and Reilinger et al. (1997, 2004) report 
a total of ~10 mm/a of NE-SW shortening, with 
~6 mm/a in the Greater Caucasus and ~4 mm/a 
in the Lesser Caucasus. Likewise, Vernant 
et al. (2004) report 14 ± 2 mm/a of N-S con-
vergence across the eastern Greater Caucasus. 
The most recent GPS-derived velocity fi elds 
in the Caucasus region indicate that the rate of 
convergence between the Lesser and Greater 
Caucasus increases eastward, from ~4 mm/a 
in the Rioni basin, Georgia, to ~14 mm/a in the 
Kura Basin, Azerbaijan (Fig. 2, Reilinger et al., 
2006). These data further suggest that both the 
Greater and Lesser Caucasus are subject to 
minimal internal deformation (Fig. 2, Reilinger 
et al., 2006), implying major shortening struc-
tures lie between the two ranges. Reilinger et al. 
(2006) fi t an elastic block model to the velocity 
fi eld and concluded that the Lesser Caucasus 
and part of the East Anatolian Plateau behave 
rigidly  and rotate counterclockwise at 0.84°/Ma 
relative to stable Eurasia about an Euler pole in 

the eastern Black Sea (42.1°N, 37.8°E, Fig. 2). 
The northern boundary of this block is located 
along the southern front of the Greater Caucasus 
range and illustrated as a north-dipping thrust 
(Fig. 2, Reilinger et al., 2006). Allmendinger 
et al. (2007) used the same velocity fi eld to 
calculate 2-D dilational strain and vertical-axis 
rotation fi elds. This analysis also identifi ed the 
Lesser Caucasus and East Anatolian Plateau as 
areas of counterclockwise rotation, with simi-
lar NE-SW shortening rates as suggested by 
the block model (~0.8°/Ma). Calculated strain 
rates are low throughout the eastern Caucasus, 
reaching their maximum along the southeastern 
range front of the Greater Caucasus and within 
the Kura fold-thrust belt. Within the Kura Basin 
and southeastern Greater Caucasus, strain rates 
increase eastward, mirroring the eastward in-
crease in velocity.

Current GPS station coverage is too sparse to 
resolve the major compression structures accom-
modating shortening between the Greater and 
Lesser Caucasus. It is generally presumed that 
most of this shortening occurs on faults along 
the southern range front of the Greater Cauca-
sus (Jackson, 1992). Alternatively, defor mation 
may be localized within the Kura fold-thrust 
belt, a conspicuous belt of topography that has 
previously been described but discounted as the 
locus of signifi cant shortening (e.g., Dotduyev, 
1986; Westaway, 1990). To evaluate the impor-
tance of the Kura fold-thrust belt in absorbing 
Arabia-Eurasia convergence, we used remotely 
sensed data and virtual-terrain software to study 
this region.

NEOTECTONICS OF THE KURA 
FOLD-THRUST BELT

Methods

To make numerous observations of detailed 
(50–500 m) geomorphic features over a large 
portion (75 km by 300 km) of the thrust belt, we 
used the Real Time Interactive Mapping System 
(RIMS) software (Bernardin et al., 2006) to pro-
duce a neotectonic map of the Kura fold-thrust 
belt (Plate 11). No new fi eldwork was conducted. 
RIMS provides a virtual terrain model that is cre-
ated by draping a texture image (e.g., a satellite 
image or air photo mosaic) over a digital eleva-
tion model (DEM) in a format similar to the one 
used in Google Earth (http://earth.google.com/). 
RIMS allows users to manipulate (e.g., rotate, 
pan, zoom) and dynamically adjust vertical ex-
aggeration of the virtual terrain model at the full 
resolution of the data in real time (i.e., without 

1Plates 1 and 2 are on a separate sheet accompany-
ing this issue.
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needing to wait for the view to refresh). RIMS 
also provides several mapping tools that facili-
tate analysis of digital terrain data. For example, 
users can record observations by drawing geo-
referenced and attributed polylines directly on 
the digital terrain model, while simultaneously 
interacting with data via the terrain visualiza-
tion system. In addition, RIMS also provides 
a “virtual geologic compass” (VGC) tool for 
measuring the orientations of surfaces or beds 
by interactively fi tting a measurement plane to 
a topographic surface or the line of intersec-
tion between a dipping bed and the topography 

(Fig. 3B). For a complete description of RIMS, 
see Bernardin et al. (2006) and the RIMS soft-
ware distribution site at http://keckcaves.org/
software/RIMSG3/.

We built virtual terrain models from two 
different data sets, analyzed them in RIMS, 
compiled the resulting maps in a geographic 
information system (GIS), and post-processed 
the mapping using standard drafting software 
to create the neotectonic map shown in Plate 1. 
The fi rst RIMS project paired three arcsecond 
(~90 m/pixel) DEM data from the Shuttle 
Radar  Topographic Mission (SRTM) (Farr 

et al., 2007) with a false-color hillshade image  
produced from the same data. The SRTM data 
were obtained from Consultative Group on 
International Agricultural Research (CGIAR) 
(Jarvis et al., 2006), available from http://
srtm.csi.cgiar.org. The second project paired 
15 m/pixel ASTER VNIR data with 30 m/pixel 
ASTER DEM (Yamaguchi et al., 1998; Hirano 
et al., 2003). We used L1B ASTER data obtained 
from National Aeronautics and Space Adminis-
tration’s (NASA) Warehouse Inventory Search 
Tool (see https://wist.echo.nasa.gov/~wist/api/
imswelcome/).
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Figure 2. Map showing global positioning system (GPS) velocities (white arrows) relative to Eurasia and rigid block model (black polygon) 
reported by Reilinger et al. (2006). Dashed white lines are contours of equal velocity about local pole of rotation. White lines show profi les 
along (A–A′) and across (B–B′) strike of the Caucasus, with brackets on ends of profi le lines delineating boundaries of box, within which data 
were collapsed onto the profi le line. Plots show velocity components along each profi le with 1-sigma errors. Profi le A–A′ indicates an east-
ward increase in shortening rates along the southern margin of the Greater Caucasus mountains. Profi le B–B′ indicates that at the position 
of the profi le, the Lesser Caucasus move northward ~7 mm/a faster than the Greater Caucasus, suggesting a zone of active shortening between 
the two ranges. Reilinger et al. (2006) used this observation, coupled with the relatively homogeneous velocities across the Lesser Caucasus , 
to propose that the Lesser Caucasus and portion of the East Anatolian Plateau are rotating counterclockwise as a semirigid block at a rate of 
0.84°/Ma about an Euler pole in the Black Sea. Kinematics of the block boundaries are generalized from the fault normal and parallel slip rates 
implied by the block model and reported by Reilinger et al. (2006). Velocity fi eld, profi les, and block boundaries modifi ed from Reilinger et al. 
(2006). Base hillshade image generated from Shuttle Radar Topographic Mission (SRTM) 90-m digital elevation model (DEM).



Forte et al.

470 Geological Society of America Bulletin, March/April 2010

Bajada

Deflected
Drainage

Abandoned
Surface

Active 
Surface

Incised
Surface

N

N

N

N

N

N

Water Gaps

Wind Gaps
Markerbed

VGC Plane

Interpreted RIMS Screenshot

Vertical Exaggeration 8X Vertical Exaggeration 7X

Vertical Exaggeration 5X

Un-Interpreted RIMS Screenshot

Interpreted RIMS Screenshot

Un-Interpreted RIMS Screenshot

Interpreted RIMS Screenshot

Un-Interpreted RIMS Screenshot

~1 km

~1 km~1 km

A

C

VGC

B



Late Cenozoic deformation of the Kura fold-thrust belt

 Geological Society of America Bulletin, March/April 2010 471

Our mapping strategy focused on fi nding and 
then documenting deformed landforms using 
the RIMS visualization environment. Specifi c 
goals were to (1) establish structural geometries 
and styles, (2) evaluate the extent to which tec-
tonic landforms indicate the structures are active, 
and (3) investigate the relative ages of structures 
along strike. To identify structures and defi ne 
their geometries, we mapped continuous marker 
beds visible in the ASTER imagery (Fig. 3C) and 
then measured bedding orientations in RIMS by 
fi tting the VGC tool to bedding traces at loca-
tions where the markers cross rugged topography 
(Fig. 3B). We also mapped drainage defl ections 
and water and wind gaps to help evaluate the 
activity and relative ages of structures (Fig. 3A, 
Burbank et al., 1996; Jackson et al., 1996).

In the case of unconsolidated Quaternary de-
posits, the degree of incision or roughness of a 

geomorphic surface (e.g., on alluvial fans or fl u-
vial terraces) can serve as a proxy for the relative 
surface age (Burbank et al., 1999; Keller et al., 
1999; Frankel and Dolan, 2007), with more in-
cised and thus rougher surfaces generally being 
older relative to those constructed more recently. 
Thus, to further constrain structural activity 
and investigate along-strike variability in rela-
tive ages and/or rates of deformation within the 
study area, we developed a scheme for classify-
ing topographic surfaces, and then mapped the 
distribution of these units in RIMS. The scheme 
is based on the long-wavelength planarity of the 
surface (i.e., one that is planar at the tens of 
kilometers  scale) and its degree of incision, ele-
va tion relative to local drainages, and the extent 
to which bedding traces were discernable. Our 
assumption is that the degree of incision, surface 
elevation, and bedding exposure all increase 

with increasing age for a preserved geomorphic 
surface. We distinguished four different types 
of geomorphic surfaces, examples of which are 
shown in Figure 4. (1) Active surfaces are planar, 
show minimal to no incision, and grade to the lo-
cal channel network. (2) Abandoned surfaces are 
also planar at long wavelengths but are elevated 
above, and locally incised by, the active channel 
network. When folded, abandoned surfaces can 
slope more steeply than active ones. (3) Queried 
and abandoned surfaces are similar, in that both 
are smooth at long wavelengths but differ in that 
their structural or geomorphic context renders 
a Quaternary age unlikely for queried surfaces, 
such as on dip slopes supported by resistant beds 
within an exposed fold. (4) Incised surfaces have 
high local relief and thus span areas dissected 
by the active drainage network. Incised areas 
with bedrock hillslopes typically expose marker 
beds that can be used to delineate the underlying 
structural geometry. We interpret abandoned sur-
faces as being relatively older than active ones, 
with both being of probable Quaternary age. In 
contrast, we apply no relative or absolute age in-
terpretation to the queried and incised surfaces.

By combining marker bed geometries with 
the spatial distribution of the geomorphic sur-
faces, we identifi ed the axial traces of folds and 
estimated the relative activity of the underlying 
structures. We identifi ed syncline and anticline 
axial traces based on marker bed dips measured 
with the VGC tool (Fig. 3C). We mapped traces 
of the axial surfaces of folds using both observa-
tions of reversals in bedding dip direction and 
points of maximum curvature along marker beds 
in fold closures. If a fold nose was traceable us-
ing marker beds, we also recorded the plunge 
direction of the fold (Fig. 3C). Structures that 
we interpreted as folds but that lacked clear evi-
dence of dip reversal were mapped as inferred 
(Plate 1). The distinction between active (red) 

Figure 3. Uninterpreted (top) and interpreted (bottom) screenshots from the Real-Time Inter-
active Mapping System (RIMS), taken at vantage points shown in Plate 1. Vertical exaggera-
tion of terrain display is indicated in lower-left corner. Digital terrain models generated from 
false-color (R—Band 3N, G—Band 2, B—Band 1) Advanced Spaceborne Thermal Emission 
and Refl ection Radiometer (ASTER) visible to near-infrared (VNIR) imagery draped over 
ASTER digital elevation model (DEM). Refer to Plate 1 for a description of the colors used in 
the interpreted images in the color version of this fi gure. Note that due to perspective, scale 
bars are approximate. (A) View looking north at a set of water and wind gaps located where 
the Girdiman River crosses an actively growing fold at the east end of the Kura fold-thrust 
belt. Preserved surfaces along the fold crest are examples of abandoned surfaces. Alluvial 
fans both north and south of the fold are examples of active surfaces. Note drainage defl ec-
tion around eastern tip of fold. (B) View looking west along the northern limb of an anticline 
exposed on the west bank of the Mingachevir Reservoir. Transparent plane shows the Virtual 
Geologic Compass (VGC) tool available in Real-Time Interactive Mapping System (RIMS). 
In this case, the VGC plane is fi t to the trace of a dipping marker bed where it crosses two 
north-fl owing gullies . (C) View to north of the same anticline as in Part B with broad bajada 
complex exposed at the southern range front. By tracing and measuring exposed marker 
beds, the axial trace of this doubly plunging anticline can be mapped from the digital terrain 
data using RIMS. A color version of this fi gure is available in the GSA Data Repository.

N N N N

Vertical Exaggeration 5X Vertical Exaggeration 5X Vertical Exaggeration 5X Vertical Exaggeration 5X

ACTIVE SURFACE ABANDONED SURFACE QUERIED SURFACE INCISED SURFACE

Figure 4. Screenshots from Real-Time Interactive Mapping System (RIMS) showing examples of the different types of mapped surfaces. 
See text for explanation of surfaces. Same digital terrain data as in Figure 3. Note that the gray triangles are artifacts from RIMS and do 
not denote any particular features of interest. A color version of this fi gure is available in the GSA Data Repository.
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and inactive (black) fold axes on Plate 1 is based 
on whether or not the fold deforms abandoned 
surfaces, the rationale being that deformation 
of abandoned surfaces implies that the most re-
cent increment of fold growth occurred in the 
Quaternary. Folds that do not deform abandoned 
surfaces were mapped as inactive, although this 
is an admittedly imprecise method of determin-
ing fold activity because the absence of aban-
doned surfaces mantling a fold could also result 
from rates of erosion that outpace fold growth. 
However, this conservative approach minimizes 
the risk of overestimating fold activity within 
the belt. Likewise, we did not map fault traces 
in RIMS because the data were of insuffi cient 
spatial resolution to permit identifi cation of 
fault scarps and because we were concerned 
that linear slope-breaks along the forelimbs of 
folds may refl ect axial traces of active synclines, 
rather than faults.

Results of Neotectonic Mapping

Our neotectonic mapping documents that 
the Kura fold-thrust belt comprises a series of 
range-parallel (WNW-ESE–trending), south-
verging folds, as suggested by previous au-
thors (e.g., Dotduyev, 1986; Philip et al., 1989; 
Tevelev and Blyumkin, 1990; Ershov et al., 
2003). Our mapping further indicates that the 
neotectonic geology of the Kura fold-thrust belt 
varies along strike.

The folds occur as either anticline-syncline 
pairs or isolated anticlines (Plate 1). Exposed 
axial traces of folds extend along strike for 
20–50 km, with fold widths of 5–10 km. Al-
though the folds are open, with shallowly dip-
ping limbs (10°–20°), anticlines typically verge 
to the south, as indicated by southern limbs that 
dip 5°–10° more steeply than limbs to the north. 
Most folds in the area plunge, and some are 
doubly plunging, but there is no clear regional 
trend in plunge direction. In contrast, there is 
a trend in the number of exposed folds, which 
decrease eastward from 11 in the west along 
section A–A′ to three in the east along section 
B–B′ (Plate 1).

The geomorphic expression of folds also 
changes systematically from west to east. In 
the west, most folds are expressed in bedrock 
or heavily incised surfaces (Plate 1). Anticlines 
in this region commonly coincide with topo-
graphic ridges with crests located near the core 
of the anticline. These ridges are typically asym-
metric across strike, with gently dipping topo-
graphic slopes on the northern limbs (1°–10°) 
and steeper slopes on the southern limbs (15°–
25°). Bedding in the southern limbs is almost 
completely obscured by coalesced alluvial fan 
complexes (bajadas) at the base of the ridges 

(Fig. 3C). In the east, folds are topographically 
expressed as slightly asymmetric, smooth ridges 
that are almost completely mantled by queried 
or deformed abandoned surfaces and that ex-
pose minimal bedrock (Figs. 3A and 4). Folds 
in the west are more incised than those in the 
east and generally lack a deformed mantle of in-
ferred Quaternary sediments (Plate 1).

In addition, both drainage patterns and the 
number of wind and water gaps change sys-
tematically along strike (Plate 1). In the west, 
the drainage pattern is dominated by the Alazani , 
Kura, and Iori rivers, which are SE-fl owing, 
longi tudinal drainages (i.e., streams that fl ow 
parallel to fold axes). The Iori and Kura rivers 
do not cross any mapped shortening structures, 
but the Alazani River makes an ~90° turn to fl ow 
south into the Mingachevir Reservoir. West of 
this southward bend, no transverse drainages 
(i.e., streams that fl ow perpendicular to fold 
axes) cross the entire Kura fold-thrust belt. In 
contrast, east of this bend, fi ve transverse drain-
ages with headwaters in the Greater Caucasus 
cross the fold-thrust belt. Between the Alican 
and Turyan rivers, a number of wind gaps are 
preserved on the crests of folds along the north-
ern margin of the Kura fold-thrust belt (Plate 1 
and Fig. 5). North of these wind gaps and within 
the Alazani Basin, tributaries of the transverse 
rivers are typically defl ected where they inter-
sect the north limbs of the folds (Fig. 5).

The cross-strike topographic width of the Kura 
fold-thrust belt also systematically decreases 
eastward, from 65 km in the west to 25 km in 
the east (Plate 1). In addition, the volume of 
topography above the Kura and Alazani basins 
also decreases eastward, as demonstrated by the 
strike-perpendicular topographic profi les shown 
in Plate 1. These profi les show the area bounded 
above by the present topographic surface and 
below by a southward-sloping line extrapolated 
from the fl oors of the Alazani and Kura basins, 
which fl ank the topographically expressed fold-
thrust belt. The fl oors were defi ned as the mean 
topographic surface outside the confi nes of the 
fold-thrust belt. These topographic areas differ 
by a factor of 3 along strike, from ~14 km2 in the 
west to ~4 km2 in the east (Plate 1).

We also attempted to assess the activity of the 
Greater Caucasus range-front fault system by 
measuring mountain-front sinuosity (Bull and 
McFadden, 1977) along the southern slope of 
the eastern Greater Caucasus (Fig. 6). Using a 
methodology modifi ed from Wells et al. (1988), 
we divided the range front into six equal-length 
(50-km-long) segments in order to assess along-
strike variability in sinuosity. There is a sys-
tematic eastward decrease in sinuosity along the 
southern range front of the Greater Caucasus, 
decreasing from 3.2 to 1.9, with a signifi cantly 

less sinuous range front (1.1) measured to the 
east of the termination of the Kura fold-thrust 
belt (Fig. 6).

Interpretation of Neotectonic Activity

Two main conclusions can be drawn from 
our neotectonic mapping. First, the Kura fold-
thrust belt records active deformation along the 
southern fl ank of Greater Caucasus. The sinuos-
ity of the Greater Caucasus mountain front and 
the absence of clearly deformed fans along this 
margin suggest that the active thrust front has 
propagated south, away from the Greater Cau-
casus range front. Second, neotectonic proxies 
for total shortening within the belt systemati-
cally decrease eastward within the belt, an inter-
pretation that is further supported by geological 
observations presented in “Bedrock Geology of 
the Kura fold-thrust belt,” below.

The results of the mountain-front sinuosity 
assessments along the southern range front of 
the Greater Caucasus suggest that active defor-
ma tion has progressively moved southward 
from the Greater Caucasus range front to the 
Kura fold-thrust belt (Fig. 6). Slip on an active 
range-front fault will tend to produce a relatively 
undissected mountain front, corresponding to a 

A
lic

an

T
u

ry
an

47.5°E

41°N

47.5°E

41
°N

N

Figure 5. Map of Kura fold-thrust belt be-
tween the Alican and Turyan rivers. White 
brackets indicate locations of wind gaps 
along crest of northern anticline. Note 
the fan-shaped drainage networks on the 
north side of this anticlinal ridge, formed 
by drainage defeat and defl ection during 
active fold growth. Hillshade image gener-
ated from Shuttle Radar Topographic Mis-
sion (SRTM) 90-m digital elevation model 
(DEM) with drainages highlighted in white.
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sinuosity near one, whereas a less active fault 
will be characterized by a more embayed moun-
tain front, with a sinuosity greater than one (Bull 
and McFadden, 1977). The measured sinuosity 
suggests that (1) the section of the Greater Cau-
casus range-front fault system that lies directly to 
the north of the Kura fold-thrust belt is less active 
than associated range-front faults to the east of 
the termination of the Kura fold-thrust belt, and 
(2) the eastward decrease in sinuosity may sug-
gest that over time there has been an eastward-
propagating transfer of slip from the Greater 
Caucasus range front to the Kura fold-thrust belt.

Our conclusion that structures within the 
Kura fold-thrust belt are active is supported by 
folded abandoned surfaces of probable Qua-
ternary age, drainage patterns, and ephemeral 
geomorphic features such as wind gaps. Ac-
tively growing folds can both perturb drain-
age networks and produce distinct geomorphic 
markers such as water and wind gaps (Fig. 3A) 
attesting to fold activity (e.g., Burbank et al., 
1996, 1999; Jackson et al., 1996; Keller et al., 
1999). Because wind gaps will be subject to ero-
sion once formed, they are ephemeral features 
within tectonically active landscapes. Thus, 
the wind gaps we have identifi ed and mapped 
in Plate 1 attest to recent deformation within 
the Kura fold-thrust belt. Another diagnostic 
feature of drainage networks affected by active 
folds is the development of a distinctively lop-
sided catchment shape over time as large drain-
ages progressively capture defeated drainages 

(Fig. 5, Jackson et al., 1996; Keller et al., 1999). 
Thus, the drainage patterns shown in Figure 5 
are also consistent with our conclusion that the 
Kura fold-thrust belt is active. The catchment 
pattern of the Alazani River in the western por-
tion of the Kura fold-thrust belt is asymmetric 
in this way (i.e., most of the drainage area is to 
the north, within the Greater Caucasus), and this 
gross consistency with this model of evolving 
drainage networks in regions of active folding 
further supports our conclusion of active defor-
mation within the Kura fold-thrust belt.

Our interpretation of along-strike variation 
in total shortening is supported by the system-
atic along-strike variations in the neotectonic 
geology, geomorphology, and topography of 
the Kura fold-thrust belt. The larger number of 
structures, cross-strike width, and topographic 
volume above base-level of the western portion 
of the belt relative to the eastern sector are all 
most simply explained by higher magnitudes of 
total shortening in the west than the east. One al-
ternative interpretation is that these along-strike 
variations stem from changes in structural style, 
with thin-skinned thrusting in the west versus 
thick-skinned deformation in the east. However, 
our mapping does not support this idea because 
the wavelengths (average 10 km distance from 
anticline axis to anticline axis) and axial-trace 
lengths (~20–30 km) of the folds are generally 
similar along strike (Plate 1).

Another possible alternative interpretation 
is that the along-strike variations stem from 

changes in erosion rate. For example, the greater 
degree of incision and absence of wind gaps in 
the western part of the belt might refl ect higher 
erosion rates in this area relative to the east. 
However, we see three problems with this idea. 
First, patterns of historical precipitation appear 
to be broadly uniform along strike (Borisov, 
1965; Lydolph, 1977). Borisov (1965) reported 
similar mean annual precipitation (~400 mm/a) 
throughout the Kura Basin region, with pre-
cipitation spread out over a longer time period 
near the Caspian coast than more inland, where 
precipitation occurs during a shorter rainy sea-
son. The boundary between these two zones is 
roughly 48°E (Borisov, 1965), although Lydolph 
(1977) places it farther east. Thus, most, if not 
all, of the Kura fold-thrust belt lies within the 
rainy-season zone. Second, rocks should be less 
prone to erosion in the west than the east. As we 
show below in “Bedrock Geology of the Kura 
fold-thrust belt,” there is a westward increase 
in stratigraphic depth of exposure within the 
thrust belt. These more deeply buried rocks are 
likely to be more indurated than younger and 
shallower rocks exposed in the eastern part of 
the belt. Third, along-strike variation in erosion 
fails to explain all of the along-strike variation 
in the belt. Critical-taper wedge models of oro-
genic belts (Davis et al., 1983; Dahlen, 1990) 
show that increased erosion rates tend to local-
ize defor mation, narrow the cross-strike width 
of the thrust belt, and reduce topographic vol-
ume, if all other variables are held fi xed (Dahlen 

Figure 6. Mountain-front sinuosity of the southern range front of the Greater Caucasus. Each “range” segment is 50 km long. There is a 
progressive eastward decrease in sinuosity along the Greater Caucasus range front directly north of the Kura fold-thrust belt, which sug-
gests that there is a corresponding eastward increase in the relative activity of the Greater Caucasus range-front fault system. The sinuosity 
of the range front to the east of the Kura fold-thrust belt is very close to one, indicating that this section of the range-front fault system is 
relatively active. Equation for sinuosity from Burbank and Anderson (2001).
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and Suppe, 1988; Beaumont et al., 1991). Thus, 
the higher erosion rates in the west needed to 
explain the greater degree of incision and ab-
sence of wind gaps seem incompatible with the 
larger number of shortening structures, greater 
width, and higher topographic volume of the 
fold-thrust belt in this area.

Although we argue that the simplest ex-
planation for the along-strike variation in the 
neo tectonic structures, geomorphology, and 
topog raphy of the Kura fold-thrust belt is a cor-
responding eastward decrease in total shorten-
ing, our observations alone fail to resolve the 
relative importance of rate versus initiation age 
in producing the variable total shortening. For 
example, the eastward decrease in the number 
of shortening structures could have been pro-
duced by either faster rates or earlier onset of 
shortening in the west relative to the east. Like-
wise, the eastward decrease in the degree of in-
cision and the increase in the number of wind 
gaps could either indicate that deformation 
is faster in the west than the east (presuming 
that faster shortening rates will generally lead 
to steeper slopes and thus higher degrees of in-
cision), or that deformation youngs eastward. 
Variations in drainage network morphology are 
similarly ambiguous, because either variable 
rate or initiation age can explain the eastward 
transition from longitudinal to transverse drain-
age patterns. Faster rates of shortening should 
lead to greater degrees of stream defeat and thus 
more developed longitudinal drainages, all other 
variables being equal. Alternatively, along-strike 
variation in the timing of deformation may pro-
duce systematic variations in the depth of expo-
sure and thus resistance to erosion that can lead 
to the development of longitudinal drainages 
as older parts of the belt are progressively ex-
humed (e.g., Oberlander, 1985). Finally, varia-
tions in the cross-strike width and volume of the 
fold-thrust belt can also be explained by either 
variable rate or timing because both can lead to 
along-strike variation in total shortening.

In summary, our neotectonic mapping indi-
cates that the Kura fold-thrust belt comprises a 
sequence of range-parallel, south-verging folds 
that defi nes the active deformation front along 
the south fl ank of the Greater Caucasus. Along-
strike variations in the neotectonic structures, 
geomorphology, and topography of the belt are 
most simply explained by systematically east-
ward-decreasing total shortening. However, the 
relative importance of along-strike variations in 
the rate and/or timing of shortening in producing 
this variation in total shortening remain unclear. 
To test these interpretations and further constrain 
the late Cenozoic structural evolution of the Kura 
fold-thrust belt, we paired our neotectonic obser-
vations with published information regarding the 

regional stratigraphy and geology to construct 
two balanced cross sections across the Kura fold-
thrust belt. Specifi c goals were to (1) develop 
preliminary quantitative estimates of total short-
ening within the belt to test the interpretation 
that total shortening decreases eastward along 
strike, (2) determine the relative importance of 
along-strike variation in the rate and/or timing of 
deformation within the belt, (3) explore poten-
tial along-strike variations in structural style, and 
(4) evaluate the extent to which signifi cant short-
ening structures may be buried at the eastern end 
of the belt, and thereby test our conclusion that 
variation in the number of exposed structures 
and cross-strike topographic width of the belt 
refl ects variable total shortening.

BEDROCK GEOLOGY OF THE KURA 
FOLD-THRUST BELT

Stratigraphic Framework

The fi rst step in constructing the balanced 
cross sections was to establish the regional 
stratigraphic framework. We followed previous 
work in using names for the sedimentary units 
that are the same as those for the regional stage 
divisions (e.g., Nalivkin, 1973; Agabekov et al., 
1976; Jones and Simmons, 1996; see Fig. 7). 
These stages are defi ned primarily on the basis 
of the biostratigraphy of Paratethys (Jones and 
Simmons, 1996). Units of particular importance 
to the current study include the Kimmerian (i.e., 
Productive Series of Azerbaijan), the Akcha-
gylian (or Akchagyl), and the Apsheronian (or 
Apsheron or Absheron in some literature).

It is important to note that there are signifi -
cant uncertainties in correlations between these 
regional stages and absolute ages. There also 
exists the potential for diachroneity within the 
regional stages of the Paratethys. For example, 

in the Paratethyan stratigraphy preserved in the 
Carpathian foredeep basin in Romania, Vasiliev 
et al. (2004) used high-resolution magneto-
stratigraphy to illustrate that the duration of the 
Pontian stage in this location was signifi cantly 
shorter than suggested by the review of Para-
tethyan stratigraphy presented by Jones and 
Simmons (1996). These authors also showed 
that, in general, the absolute age boundaries and 
duration of regional stages within Paratethyan 
stratigraphy may vary substantially between lo-
cations. Within the central Arabia-Eurasia colli-
sion, Mitchell and Westaway (1999) suggest that 
the transition between Kimmerian and Akchagyl  
sediments occurred at 2 Ma (as opposed to 
3.4 Ma as reported by Jones and Simmons, 
1996) and that the transition from Akchagyl 
to Apsheron occurred at 1.2 Ma (as opposed to 
1.6 Ma), based on K/Ar dating of Pleistocene 
volcanics in the Lesser Caucasus mountains of 
Armenia and their possible correlation to vol-
canic units elsewhere in the Caucasus. The 
robustness of this proposed revision remains un-
clear, and given the potential for wide variation 
in the absolute age of stage boundaries, we have 
chosen to use the correlations presented by Jones 
and Simmons (1996) because they represent a 
homogeneous average estimation of the stage 
durations and bound aries. Because the correla-
tion between regional stages and absolute ages 
and global epochs are questionable and continu-
ally evolving, we choose to generally speak in 
terms of regional stages but use these correlations 
when deriving rates of deformation.

Limited descriptions are available in the 
inter national literature of individual formations 
within either the Kura or South Caspian ba-
sins. Our compilation of regional stratigraphic 
data is based primarily on syntheses reported 
by Agabekov  et al. (1971, 1976), Azizbekov 
(1972), Agabekov and Moshashvili (1978), 

Figure 7. Compilation of published stratigraphic information for the Kura Basin. First 
column indicates global chronostratigraphic epochs from the 2004 International Commis-
sion on Stratigraphy time scale (Gradstein et al., 2004). Second column provides names of 
regional stages and ages of stage boundaries for the South Caspian and Kura basins from 
Jones and Simmons (1996). Third column lists unit abbreviations, modifi ed from Nalivkin 
(1976). Columns four through six provide three different estimates for unit thicknesses 
within the Kura Basin. Values in the fourth column are from a summary by Azizbekov 
(1972) of thicknesses measured in well logs and exposures throughout the Kura Basin; those 
in the fi fth column are compiled from thicknesses measured in the Saatly and related wells 
(Fig. DR1 [see footnote 1]) (Agabekov and Moshashvili, 1978); and those in the sixth column 
are from that portion of the Kura Basin that lies east of the West Caspian Fault (Fig. 1B) 
and extends into the South Caspian depression (Inan et al., 1997). Columns seven and eight 
list unit thicknesses used to construct the balanced cross sections, and were compiled from 
the values in columns four to six, isopach maps (Agabekov et al., 1976), and interpretation 
of the Nalivkin (1976) geologic map coupled with dip data from our neotectonic mapping. 
Column nine lists key observations about the stratigraphic units that were important in the 
construction of the balanced cross sections.
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into more conformable contact 
relations to the east.  Both Apsheron and 
Akchagyl age sediments generally 
increase in thickness eastwards 
(towards the S. Caspian basin).   

The Productive Series of Azerbaijan.  
Nalivkin (1976) does not formally map 
any Productive Series  in the Kura 
fold-thrust belt.  N

2
2 , described as 

“Mid-Pliocene sediments,” are mapped 
in the  eastern section of the fold-thrust 
belt which we have correlated with 
Kimmerian stage. 

Within the Kura fold-thrust belt, the 
combination Maeotian-Pontian unit 
(N

1
m + N

2
p) is mapped, but farther east 

where the fold-thrust belt merges with 
the main range, only Pontian age 
sediments are mapped.  Outcrop 
patterns and subsurface data both 
suggest that the Maeotian and Pontian 
age sediments thicken significantly to 
the west. 

The vast majority of mid-Miocene units 
are simply mapped as N

1
2 which 

encompasses the four regional stages 
(Konkian, Karaganian, Chokrakian, 
Tarkhanian).  Within the Kura fold-thrust 
belt, exposures of mid-Miocene units are 
generally thin, probably not exceeding 
500 meters in total thickness.  The 
mid-Miocene units reach their 
maximum thickness (1000 m) farther 
south within the Kura Basin.  Based on 
mapped exposure and estimations of 
depth-to-detachment, the base of the 
mid-Miocene strata is hypothesized to 
be the detachment horizon in the 
western cross section. 

Maykopian age sediments are the likely 
source rock for the Productive Series 
(Jones and Simmons, 1996).  Devlin et al. 
(1999) suggested that the Maykop 
serves as the detachment horizon in the 
South Caspian basin, but the lack of 
mapped exposure of  Maykopian 
sediments throughout most of the Kura 
fold-thrust belt suggests that the 
detachment horizon is stratigraphically 
above the Maykop in the Kura basin. 

Sarmatian age sediments thicken 
significantly to the west, similar to the 
overlying Maeotian and Pontian 
sediments.
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Jones and Simmons (1996), Inan et al. (1997), 
and Gasanov and Alyyeva (2003). Descriptions 
of the data used from each of these references 
can be found in the GSA Data Repository2.

Along the cross-section lines we have aug-
mented the compiled stratigraphic information 
by calculating unit thicknesses using bedding 
orientations determined with the VGC tool in 
RIMS and outcrop widths as measured from the 
geologic map of Nalivkin (1976). Unit thick-
nesses calculated in this way fell within the 
range of previously reported values (Fig. 7).

Within the Kura fold-thrust belt, pre-
Akchagylian deposits do not appear to exhibit 
abrupt lateral variations in thicknesses (e.g., 
Fig. DR1 [see footnote 1]). In contrast, abrupt 
lateral thickness variations are evident within 
the overlying Akchagyl and Apsheron units. Iso-
pach maps (Agabekov et al., 1971) suggest that 
Akcha gylian sediments locally vary in thickness 
by up to 100 m across structures at the western 
end of the belt but appear to have conformable 
contacts and relatively constant thickness to the 
east. By contrast, at both ends of the belt, over-
lying Apsheronian and Quaternary sediments 
locally vary in thickness by up to ~1000 m 
across individual structures.

Geologic and Structural Framework

As with the stratigraphic information, detailed 
geologic maps of the Kura fold-thrust belt are not 
widely available. Although a 1:200,000-scale 
series of geologic maps has been published by 
the Russian Geological Research Institute, the 
series does not cover key portions of the Kura 
fold-thrust belt, and the maps that are avail-
able predate 1960. To our knowledge, the most 
comprehensive and regionally extensive geo-
logic map is that compiled by Nalivkin (1976) 
and published at 1:500,000 scale. Although 
this map shows the spatial distribution of units 
in some detail (i.e., at stage level), it contains 
minimal structural information. In particular, it 
lacks axial traces of folds, bedding orientations, 
and information regarding the type and style of 
faulting. Complete topographic data are also ab-
sent, although major drainages are shown.

Plate 2 (see footnote 1) shows a new geologic 
map of the Kura fold-thrust belt, which we com-
piled by merging the structural geometries de-
termined using RIMS with the contact locations 
and unit assignments from the Nalivkin map 
(Data Repository [see footnote 1] provides a 
detailed description of the compilation process). 

It is important to note that because of the ad-
justments, the compiled map may contain minor 
errors in the detailed locations of structures, al-
though the general positions should be reliable.

Outcrop patterns in Plate 2 confi rm that most 
E-W–trending ridgelines in the Kura fold-thrust 
belt are the topographic expression of predomi-
nantly south-verging anticlines. Although the 
spatial resolution of the data was too coarse to 
allow us to identify surface-breaking faults, the 
Nalivkin geologic map contains a number of 
fold-parallel faults within the Kura fold-thrust 
belt (Plate 2). Most of these faults lie along the 
southern limbs of the anticlines, although neither 
fault type nor direction of fault dip is indicated. 
As with the folds, the number of mapped faults 
systematically decreases eastward along strike. 
The structural geometries shown on Plate 2 sug-
gest that these faults are most simply interpreted 
as south-directed thrusts with hanging-wall anti-
clines. This conclusion is consistent with previ-
ous work identifying the Kura fold-thrust belt 
as a zone of shallow south-directed thrusting 
(Tagiyev, 1984; Dotduyev, 1986). The red thrust 
faults shown on Plate 2 are faults that we iden-
tifi ed (i.e., not originally mapped by Nalivkin, 
1976) during the construction of the balanced 
cross sections.

The depth of exposure within the fold-thrust 
belt decreases eastward along strike. In the west, 
at ~45°E longitude, the oldest units exposed 
within the belt include folded Maykopian sedi-
ments and volcanics, with Cretaceous rocks to 
the north (Plate 2). At ~45.5°E the oldest units 
exposed are Tarkhanian and Chokrakian, with 
Tarkhanian, Chokrakian, and Sarmatian strata 
absent east of ~46.5°E. Exposures east of 47°E 
are predominantly Akchagyl and Apsheron, 
with exposures of Akchagyl decreasing east-
ward until they are limited to the cores of anti-
clines (Plate 2).

It is unlikely that the systematic along-strike 
variations evident in Plates 1 and 2 result from 
eastward-increasing burial of the fold-thrust 
belt. Isopach maps (e.g., Agabekov et al., 1971, 
1976; Gasanov and Alyyeva, 2003) confi rm that 
the eastward-narrowing topography (Plate 1) 
and width of the outcrop belt (Plate 2) both 
refl ect a true along-strike decrease in the cross-
strike width of the fold-thrust belt. In particular, 
Akchagyl and younger sediments do not exhibit 
abrupt lateral changes in thicknesses outside the 
confines of the topographic expression of 
the Kura fold-thrust belt (Fig. DR1 [footnote 1]).

Balanced Cross Sections

Using the data compiled in Plate 2, we con-
structed two balanced cross sections to evalu-
ate possible along-strike changes in structural 

geometry, obtain quantitative estimates of total 
shortening, and determine the relative impor-
tance of variations in rate versus duration of 
shortening in producing the numerous along-
strike variations in the thrust belt described 
above. Our approach followed methods outlined 
by Woodward et al. (1989). To constrain the 
sections, we used (1) the structural geometries 
determined from our neotectonic mapping, 
(2) the contacts, unit assignments, and faults 
reported by Nalivkin (1976), (3) stratigraphic 
information from our compilation of isopach 
maps (Azizbekov, 1972; Agabekov et al., 1976; 
Gasanov and Alyyeva, 2003) and well logs 
(Azizbekov, 1972; Agabekov and Moshashvili, 
1978), and (4) in limited cases, preliminary fi eld 
observations made during the fall of 2008. Both 
cross sections are oriented N24°E, perpendicu-
lar to the regional strike of the fold-thrust belt. 
The western section (Fig. 8) is located ~10 km 
west of the Mingachevir Reservoir, a position 
that was selected so that the section would pass 
through an area of dense bedding measurements. 
The eastern section (Fig. 9) is located between 
the Turyan and Goy rivers (Plate 2). Bedding 
data are sparser along this section because the 
folds are generally mantled by abandoned sur-
faces in this area. Thus, we located the eastern 
section to maximize proximity to the available 
strike-and-dip data and minimize the distance 
over which relationships exposed along strike 
would need to be projected into the section.

It is important to note that much of the strati-
graphic information in the form of isopach maps 
and well logs lies outside of the fold-thrust belt 
itself and thus does not directly constrain sub-
surface structural geometries. Additionally, we 
are not aware of available seismic data within 
the fold-thrust belt. Based on previously pub-
lished schematic cross sections (e.g., Khain, 
1975; Tagiyev, 1984; Dotduyev, 1986; Philip 
et al., 1989; Sobornov, 1994; Ershov et al., 
2003), the relatively shallow depth of exposure 
throughout the fold-thrust belt, the small plan 
view distance between exposed structures (~1–
10 km), and preliminary fi eld observations, we 
assume that the Kura fold-thrust belt is charac-
terized by thin-skinned thrusting. As discussed 
above, there is limited seismicity within the 
Kura fold-thrust belt, but the few focal mecha-
nisms available suggest that there are events that 
occur at depths below (~10–20 km) the level 
we have chosen as our detachment (Fig. 1B; 
see also Jackson et al., 2002; Tan and Taymaz, 
2006). These events suggest that there may be 
some involvement of deeper structures within 
the fold-thrust belt, but at present there is even 
less constraint on the geometry and kinematics 
of those structures, so we have explicitly not 
considered them in our analysis.

2GSA Data Repository item 2009154, summary 
of stratigraphic data and process of map compila-
tion, is available at http://www.geosociety.org/pubs/
ft2009.htm or by request to editing@geosociety.org.
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Assuming thin-skinned geometries, our 
choice of detachment level was guided by pre-
vious work and the along-strike variation in 
depth of exposure evident in Plate 2. Published 
schematic cross sections listed above illustrate 
depths to detachment of ~5 km. Khain (1975) 
suggested that the detachment horizon for the 
Kura fold-thrust belt lies within Maykopian 
sediments. Seismic data in the South Caspian 
also suggest that Maykopian shales serve as the 
detachment horizon for NW-SE–trending folds 
offshore of Azerbaijan (Devlin et al., 1999). As 
Plate 2 indicates, surface exposure of Mayko-
pian and older units are absent throughout much 
of the Kura fold-thrust belt, thus we conclude 
that the detachment horizon likely lies within, or 
stratigraphically above, the Maykopian across 
most of the belt. We further hypothesize that the 
detachment shallows eastward along strike, as 
suggested by the eastward decrease in the depth 
of exposure.

Along each section we distinguished between 
sedimentary units with uniform thickness from 
those with thicknesses that vary locally across 
individual structures, to identify the layers to 
balance within the section. In particular, we cal-
culated approximate unit thicknesses exposed 
along each line of section and also used map 
patterns to check the conformability of contacts, 
and in particular whether contacts bounding a 
given unit were folded similar to, or crosscut, 
those of underlying layers. Units with contacts 
that crosscut older folded and/or faulted strata in 
the geologic map were allowed to vary in thick-
ness across individual structures. Throughout the 
entire Kura fold-thrust belt, both Apsheron and 
lower Quaternary units appear to show stratal 
thinning across individual fold hinges and/or 
variable thickness on opposite sides of faults 
with signifi cant stratigraphic throw. In contrast, 
within the resolution of the data, Akchagyl  sedi-
ments appeared to crosscut underlying strata in 
the western part of the fold-thrust belt but were 
conformable to the east (Plate 2). As we explain 
in “Timing of Deformation and Evidence for 
Eastward Propagation,” we further suggest that 
these local variations in stratigraphic thickness 
and crosscutting relations within the Akchagyl, 
Apsheron, and Quaternary units can be used to 
place rough constraints on the timing of defor-
mation within the Kura fold-thrust belt.

For both cross sections, we assumed the sim-
plest possible structural style (i.e., fault-bend 
folds; Suppe, 1983) and that units without evi-
dence of local thickness variation should main-
tain constant thickness throughout the line of 
section. The assumption of fault-bend folding is 
a simplifi cation, but the available stratigraphic 
and structural data do not warrant the use of 
more complex structural geometries such as 

fault propagation (Suppe and Medwedeff, 1990) 
or trishear (Erslev, 1991) folding. As discussed 
in “Kura and Alazani Basins” and Figure 7, well 
logs and isopach maps for the Kura Basin sug-
gest that the thickness of Pre-Kimmerian Ceno-
zoic sediments vary along the axis of the Kura 
Basin, but do not show signifi cant north-south 
thickness variations, supporting our assumption 
of constant layer thickness for these units along 
the lines of section.

Western Section (A–A′)
Our reconstruction of the western cross 

section suggests that this portion of the Kura 
fold-thrust belt accommodated ~25 km of total 
shortening or 22% shortening (Fig. 8). Along 
the line of section, the oldest units exposed are 
Maeotian-Pontian deposits. However, isolated 
exposures of underlying Sarmatian and undif-
ferentiated Konkian, Karaganian, Chokrakian, 
and Tarkhanian deposits occur ~10 and ~20 km 
west of the section, respectively. Thus, we have 
placed the detachment horizon for this section 
within Konkian, Karaganian, Chokrakian, and 
Tarkhanian strata. Because these exposures lie 
west of the section line, it is also permissible 
that the detachment is stratigraphically higher 
and located within Sarmatian sediments. Jones 
and Simmons (1996) reported evaporite depos-
its within exposures of Sarmatian deposits in 
Armenia, but it is unclear if this evaporite hori-
zon is also present within the Sarmatian deposits 
of the Kura Basin. If so, it is likely that a detach-
ment horizon would localize on this layer.

One of the main structures along the western 
section line is the Mingachevir fault (Fig. 8). 
The original geologic map (Nalivkin, 1976) 
does not show the fault crossing Quaternary 
units in the vicinity of the Iori River (i.e., the 
portion mapped in red on Plate 2). We have in-
terpreted the fault to continue through this area 
because of the proximity of exposures of Sar-
matian and Apsheron deposits to the north and 
south, respectively, such that ~1 km of section 
is missing. An alternative interpretation is that 
this map pattern refl ects exposures along the 
southern limb of an E-W–trending anticline, but 
there are no strike and dip data to support south-
dipping bedding in this area.

Although it has also been suggested that the 
Mingachevir fault is the product of oblique re-
verse and sinistral movement (Murtuzayev, 
2000), the neotectonic and geologic maps 
(Plates 1 and 2) show no evidence of signifi cant 
strike-slip deformation along this structure. Un-
fortunately, focal mechanisms of earthquakes 
in the region provide no indication as to the 
kine matics of the Mingachevir fault. In gen-
eral, there are limited records of earthquakes 
within the Kura fold-thrust belt and fewer cal-

culated focal mechanisms. Harvard centroid 
moment tensor solutions (www.globalcmt.org) 
for earthquakes near the western termination 
of the belt are 20–30 km deep and most likely 
occur  on the shallow E-W–striking nodal planes 
(Fig. 1B). The focal mechanism for the ~16 km 
deep Agdas earthquake of June 4, 1999 indi-
cates thrusting, but the nodal planes strike N-S, 
the signifi cance and relation to surface-structure 
of which is unclear (Tan and Taymaz, 2006). 
The only indication of strike-slip motion comes 
from the central Kura Basin, near the so-called 
40th parallel shear (Murtuzayev, 2000), with 
two events suggesting strike-slip and possibly 
oblique normal faulting, respectively (see Jack-
son and McKenzie, 1984).

Preliminary fi eld observations from the fall 
of 2008 suggest that within the western section 
of the Kura fold-thrust belt there is a backthrust 
system active along the northern margin of the 
belt. The neotectonic expression of this structure 
in the fi eld suggests that it is a relatively young 
feature, and as such we have interpreted this 
structure to be part of the most recent stage of 
shortening (Fig. 8). This observation is also sup-
ported by our remotely sensed neotectonic map-
ping (Plate 1), which contains a band of inferred 
active structures along the northern margin of 
the fold-thrust belt.

Eastern Section (B–B′)
The western and eastern sections are separated 

by ~110 km along-strike and appear to record 
distinct structural histories (Plate 2). We esti-
mate that the eastern section has accommodated 
~12 km (12%) total shortening (Fig. 9). The 
section is dominated by a pair of faults. Along 
the line of section, only Apsheron and Quater-
nary sediments are exposed, but ~10 km to the 
west and east, Kimmerian and Akchagyl strata 
are exposed in the cores of anticlines. The back-
thrust system observed in the western regions of 
the fold-thrust belt does not appear to continue 
eastward along strike. Much of the shortening 
estimated in the eastern reconstruction is accom-
modated in a large hanging-wall anticline, which 
we interpret as the structural connection between 
the Greater Caucasus range-front faults and the 
Kura fold-thrust belt. The geometry and scale of 
this fold are based mainly on eastward extrapola-
tion of the structural relationships exposed north 
of Agsu, ~60 km east of the section, where the 
Kura fold-thrust belt intersects the Greater Cau-
casus range front. The geometry of the syncline 
that lies south of the anticline but north of the 
thrust within the Kura belt is based on extrapo-
lation of structural relationships north of the 
Mingachevir Reservoir eastward into the line of 
section. At the north end of the section, the depth 
to detachment is ~10 km, ramping southward 
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to a depth of ~3 km at the base of the Apsheron 
sequence, to form the large ramp-anticline. We 
interpret the base of the Apsheron  sediments as 
the detachment horizon within the Kura fold-
thrust belt because of the lack of exposure of 
underlying units along both the line of section 
and westward along strike. Although exposures 
of Akchagyl and Kimmerian deposits are pres-
ent to the west along the northern boundary of 
the Kura fold-thrust belt, we interpret these to re-
sult from the westward continuation of the large 
hanging-wall anticline illustrated in the eastern 
cross section (Fig. 9). Given the available data 
and observations, the nature of the connection 
between the Kura fold-thrust belt and the Greater 
Caucasus range-front fault system is not clear. 
Our attempt at reconciling these two structures 
is most certainly a gross simplifi cation and high-
lights the need for more detailed assessments of 
both the age and geologic history of the Greater 
Caucasus range-front fault system.

Akchagyl sediments do not appear to vary in 
thickness signifi cantly in the vicinity of the east-
ern cross section (Fig. 9). This interpretation is 
based on exposures of Akchagyl to the west and 
east of the line of section (Plate 2) and is also 
constrained by isopach maps (e.g., see Fig. 1 of 
Gasanov and Alyyeva, 2003). In contrast, there 
appear to be signifi cant thickness variations and 
onlap relationships in the Apsheron sediments. 
The ~1500 m thickness of Apsheron sediments 
exposed along the thrusts in the eastern cross 
section were taken as the maximum unit thick-
ness and the ~200 m thick exposure along the 
ridge to the northeast of the section line was 
taken as the minimum unit thicknesses for the 
reconstruction of the Apsheron (Fig. 9).

DISCUSSION

Our integrated neotectonic and geologic in-
vestigation indicates that the Kura fold-thrust 
belt results from active shortening along the 
northern margin of the Arabia-Eurasia colli-
sion zone and suggests that total shortening 
decreases eastward along strike within this belt. 
At some level, this pattern contrasts with that 
expected from the GPS-derived velocity fi eld, 
which indicates shortening rates increase east-
ward within the same region. Thus, the GPS data 
suggest that total shortening should be higher 
in the east than the west for a given amount of 
time. In the following sections we fi rst discuss 
constraints on the timing of deformation within 
the fold-thrust belt, then estimate the relative 
importance within the Arabia-Eurasia collision 
of the shortening accommodated by the Kura 
fold-thrust belt, and fi nally propose a kinematic 
model that reconciles the along-strike variation 
in shortening with geodetic observations.

Timing of Deformation and Evidence for 
Eastward Propagation

Our key constraints on the initiation of defor-
mation within the fold-thrust belt come from 
along-strike variations in the degree to which 
Akchagyl and Apsheron deposits appear con-
cordant or discordant with respect to deforma-
tion of underlying units. As we explain below, 
such variations imply that during the deposi-
tion of Akchagyl-aged sediments deformation 
within the fold-thrust belt had started along 
the western section but had not yet started in the 
vicin ity of the eastern section. In the following, 
we discuss specifi c implications of this interpre-
tation as it relates to the diachroneity of timing 
of fold-thrust belt initiation along-strike.

We interpreted the Akchagyl as a syntec-
tonic unit in the western reaches of the fold-
thrust belt based on its apparent crosscutting 
of underlying fold structures (Plate 2). This 
implies that defor mation in the vicinity of the 
western section initiated during or prior to the 
Akchagyl stage (~3.4–2.5 Ma). Because there 
are virtually no Kimmerian deposits (Fig. 7) ex-
posed within the fold-thrust belt, it may be that 
all of the Akchagyl  deposits are syntectonic, 
with deformation beginning during the Kim-
merian stage. In this latter case, the maximum 
initiation age for this portion of the fold-thrust 
belt is ca. 5.5 Ma. Isopach maps (Agabekov 
et al., 1976), stratigraphic descriptions (Jones 
and Simmons, 1996), and thicknesses calcu-
lated from Plate 2 suggest that the underlying 
 Maeotian-Pontian sediments show only regional 
thickness variations, supporting our conclusion 
that the maximum initiation age for this region 
of the fold-thrust belt is ca. 5.5 Ma.

In contrast to the western sections of the fold-
thrust belt, the Akchagyl appears concordant 
with respect to folds in the vicinity of the eastern 
section, suggesting the unit is pretectonic in this 
area (Plate 2), although exposures of Akchagyl  
sediments in this region are sparse. Along the 
eastern section, the overlying Apsheron  sedi-
ments appear to thin across the hinge of the 
largest anticline but do not appear to show 
major thickness variations across the southern 
thrusts, relationships which we interpret to sug-
gest that Apsheron deposition began before the 
anticline started forming, followed by slip along 
the thrusts after Apsheron deposition. These re-
lationships suggest thrusting on the main ramp 
started during the time of Apsheron deposition 
(1.6–0.7 Ma), with thrusting on the smaller 
thrusts starting after 0.7 Ma.

Both the neotectonic and geologic records 
indicate that total shortening within the Kura 
fold-thrust belt systematically decreases from 
west to east along strike. Although this pattern 

could result from eastward decreasing rates of 
shortening, the more reasonable explanation is 
that deformation initiated diachronously along 
strike, such that the belt has propagated east-
ward over time. We favor diachronous initiation 
and eastward propagation for two main reasons: 
(1) the transition of Akchagyl sediments from 
syntectonic to pretectonic eastward along-strike, 
and (2) provenance studies (Allen et al., 2003; 
Hinds et al., 2007) and apatite thermochronol-
ogy (Král and Gurbanov, 1996; Avdeev and 
Niemi, 2008) suggesting that the exhumation of 
the Caucasus has migrated eastward over time.

Preliminary fi eld observations from the fall of 
2008 also suggest that there is along-strike varia-
tion in the across-strike propagation of the fold-
thrust belt. In the vicinity of the  Mingachevir 
Reservoir and to the west, it appears that the 
fold-thrust belt is propagating both north and 
south into the Kura and Alazani basins, respec-
tively (Cowgill et al., 2008), whereas in the east, 
the belt appears to be mainly propagating to the 
south into the Kura Basin (Forte et al., 2008).

Regional Tectonic Importance

Although the total shortening estimates of 25 
and 12 km do not appear large in an absolute 
sense, comparison of these values to the amount 
of total Arabia-Eurasia convergence since the 
early Pliocene indicates that the Kura fold-thrust 
belt has absorbed ~30%–46% of the total plate 
convergence over this time interval (Fig. 10). In 
this analysis, we used Euler poles to compute 
magnitudes and rates of Arabia-Eurasia relative 
motion since 5 and 2 Ma, and then compared 
these results with our independent estimates of 
the magnitudes and rates of shortening along the 
western and eastern lines of section, respectively. 
In so doing, we followed previous workers who 
have argued that current plate motions within 
the collision zone can be reliably projected back 
in time to the last major reorganization within 
the area, which occurred at ca. 5 Ma (e.g., West-
away, 1994; McQuarrie et al., 2003; Allen et al., 
2004). We used ages of 5 and 2 Ma because these 
represent approximate maximum bounds on the 
initiation of deformation within the respective 
sections, and our goal is to compute minimum 
values for the fraction of total Arabia-Eurasia 
convergence absorbed by the Kura fold-thrust 
belt. We explain this approach in more detail be-
low. To evaluate the sensitivity of our analysis to 
the choice of plate model or reference point, we 
computed velocities of Arabia  relative to Eur-
asia using three different Euler poles (DeMets 
et al., 1994; Sella et al., 2002; Reilinger et al., 
2006) and two different reference points on the 
Arabian plate (point 1: 44°E, 35°N; point 2: 
45°E, 34°N). At each point we determined the 
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Figure 10. Explanation of calculations 
used to evaluate percent of total Arabia-
Eurasia convergence absorbed by the Kura 
fold-thrust belt. Map shows locations of 
western (A) and eastern (B) sections and 
reference points 1 and 2, which are loca-
tions at which motion of Arabia relative to 
Eurasia was calculated using three different 
plate models : NUVEL-1A (DeMets et al., 
1994, black), an Euler pole derived from a 
regional global positioning system (GPS) 
network (Reilinger et al., 2006, gray), and 
REVEL 2000 (Sella et al., 2002, light gray). 
Northwest-pointing arrows at these points 
indicate total velocity. Those pointing north-
east show only the N20°E component of mo-
tion, which is perpendicular to the Kura and 
Greater Caucasus. Chart at bottom of fi gure 
reports rates and magnitudes of shorten-
ing. Numbers above the tables are for the 
Kura fold-thrust belt as independently de-
termined from our balanced cross sections 
and analysis of stratigraphic data. Numbers 
within table show rates and magnitudes of 
Arabia relative to Eurasia computed for 
past 5 and 2 Ma for the western and eastern 
sections, respectively. To compute percent-
age of total Arabia-Eurasia convergence 
accommodated by Kura fold-thrust belt, we 
compared the shortening values from the 
thrust belt with total magnitudes of N20°E 
component of motion of Arabia relative to 
Eurasia as computed from plate models.
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N20°E component of motion of Arabia rela-
tive to Eurasia because this direction is roughly 
perpendicular to the regional strike of both the 
Kura fold-thrust belt and the Greater Caucasus. 
In all three plate models Arabia rotates counter-
clockwise relative to Eurasia about an Euler 
pole in the eastern Mediterranean, but they dif-
fer in terms of rotation rate and Euler pole loca-
tion, as well as the methods by which the poles 
were determined. For example, the  NUVEL-1A 
model (DeMets et al., 1994) is based on paleo-
magnetic data and oceanic spreading rates over 
the past 3 Ma. In contrast, the REVEL 2000 
model (Sella et al., 2002) is based on a global 
plate velocity solution from space geodesy , 
whereas the Reilinger et al. (2006) model is 
based on regional geodetic measurements 
within the Arabia-Eurasia collision.

Along the western section (A–A′), we com-
puted total Arabia-Eurasia convergence since 
5 Ma because the lack of Kimmerian sediments 
in the area permits deformation to have initiated 
as early as this time. In addition, the apparent 
absence of local thickness variations within the 
upper Miocene Maeotian-Pontian strata makes 
it unlikely that major shortening within this 
sector of the fold-thrust belt would have initi-
ated signifi cantly prior to ca. 5 Ma. Combining 
the 5 Ma initiation age with the ~25 km total 
shortening estimate suggests a rate of ~5 mm/a. 
Depending on the plate velocity model used, the 
~25 km of total shortening along A–A′ repre-
sents 22% to 40% of the total N20°E compo-
nent of Arabian convergence relative to Eurasia 
since 5 Ma (Fig. 10). The NUVEL-1A model 
has been shown to report anomalously fast rates 
(e.g., Sella et al., 2002), and removing it from 
consideration suggests that the western section 
could account for 30%–40% of total Arabia-
Eurasia convergence since 5 Ma.

Along the eastern section (B–B′), we com-
puted total Arabia-Eurasia convergence since 
2 Ma because our stratigraphic analysis sug-
gests deformation did not initiate in this area 
until at least the timing of Apsheron deposition 
(0.7–1.6 Ma, Fig. 7). In this case, the ~12 km of 
total shortening along B–B′ represents between 
27% and 46% of total Arabia-Eurasia conver-
gence since 2 Ma, with the estimates converg-
ing on 35%–46%, if the NUVEL-1A model is 
excluded as above. For the eastern section, com-
bining the shortening estimate (~12 km) with 
the stratigraphically constrained initiation age 
of 2 Ma implies a rate of 6 mm/a.

Although the above analysis indicates that the 
Kura fold-thrust belt has played a crucial role 
in accommodating Arabia-Eurasia convergence 
since the early Pliocene, these calculations are 
subject to uncertainties. For example, if our total 
shortening estimates from the balanced sections 

are too high, then both the percentage of total 
Arabia-Eurasia convergence and the implied 
shortening rates calculated for the Kura fold-
thrust belt will be too high. Likewise, if short-
ening initiated earlier than ca. 5 Ma within the 
fold-thrust belt, then again both the percentage 
of total convergence and the implied shortening 
rates will be too high. As described earlier, there 
are additional and potentially large uncertainties 
involved in the correlation of regional stages to 
absolute ages. Finally, there are also uncertain-
ties associated with extrapolation of the plate 
models back to 5 Ma.

Geologic versus GPS Deformation

If we assume that the average geologic rates 
implied by the balanced sections are representa-
tive of current shortening rates within the Kura 
fold-thrust belt and then compare those to the 
magnitudes of the GPS–derived rates of con-
vergence and their along-strike variation, there 
is not an immediate disconnect between the 
two; however, inconsistencies develop if we at-
tempt to extrapolate the rates backward through 
time. Our balanced sections and stratigraphic 
relationships imply average shortening rates of 
5 mm/a, and 6 mm/a for the western and eastern 
sections, respectively (Fig. 10). As mentioned 
above, GPS stations within the Kura Basin and 
Lesser Caucasus move toward N20°E relative 
to Eurasia, with velocities that increase system-
atically eastward along strike (Reilinger et al., 
2006). Along the western and eastern sections, 
these geodetic rates are ~10 and 12 mm/a, re-
spectively (Fig. 2). Thus, if we assume the aver-
age geologic rates are also representative of the 
current rates of shortening within the Kura fold-
thrust belt, this would imply that convergence 
in this region is equally partitioned between the 
Greater Caucasus and the Kura fold-thrust belt.

If the current convergence rates can be reli-
ably extrapolated back to ca. 5 Ma (e.g., West-
away, 1994; McQuarrie et al., 2003; Allen et al., 
2004) and our estimation of along-strike varia-
tion of initiation ages within the fold-thrust belt 
is correct, then we can assume that at roughly 
2 Ma, the eastern section of the Kura fold-
thrust belt was not accommodating signifi cant 
amounts of shortening, implying that at this 
time, the Greater Caucasus were accommodat-
ing the full ~12 mm/a of convergence. However, 
within the Greater Caucasus, we see a similar 
eastward decrease in proxies for total shortening 
(i.e., lower elevations, smaller plan view width 
of the range, and younger ages for exhumation 
events) which is potentially incompatible with 
idea of the Greater Caucasus accommodating 
the excess convergence (N. Niemi, 2009, per-
sonal commun.).

One obvious potential explanation for these 
differences is the possibility that the GPS veloc-
ity fi eld does not accurately refl ect the recent 
(i.e., post–5 Ma) tectonics of the area. For 
example, the velocity fi eld may contain post-
seismic transient strains due to recent large 
earthquakes in the region, such as the M 6.9 
1988 Spitak earthquake in Armenia (Philip et al., 
1992) or the M 7.0 1991 Racha earthquake 
in Georgia (Triep et al., 1995). Likewise, re-
cent structural reorganization within the system 
could also cause the GPS and geologic defor-
mation fi elds to disagree. Similar discrepancies 
between GPS and geologically derived rates of 
deformation have been identifi ed in a number 
of other regions (e.g., Bennett et al., 2004; Oskin 
and Iriondo, 2004; Brown et al., 2005; Chevalier 
et al., 2005; Frankel et al., 2007a; Frankel et al., 
2007b; Oskin et al., 2007; Thatcher, 2007).

However, an alternative explanation is also 
possible that potentially reconciles the GPS and 
geologic deformation fi elds with inferred east-
directed propagation of the Kura fold-thrust belt 
and Greater Caucasus (Fig. 11). For the current 
GPS velocity fi eld to accurately refl ect strain in 
the region since 5 Ma, total shortening must be 
larger in the east than the west. Such eastward-
increasing total shortening can be reconciled with 
the eastward-decreasing shortening in the Kura 
fold-thrust belt, if the excess convergence was ab-
sorbed by an additional structure(s) in the region. 
The model must also explain the apparent east-
ward propagation of the Greater Caucasus (Allen 
et al., 2003) and the corresponding eastward de-
crease in the topographic width and height of the 
range toward the Apsheron Peninsula.

In the proposed kinematic model (Fig. 11), 
convergence between the Lesser and Greater 
Caucasus increases from west to east, as indi-
cated by the GPS velocity fi eld. Initially, there 
is a remnant of oceanic crust from the Greater 
Caucasus backarc basin along the southern mar-
gin of what will become the Greater Caucasus as 
suggested by Zonenshain and Le Pichon (1986). 
All convergence in the region is initially accom-
modated along the Greater Caucasus range-front 
fault system, growing the Greater Caucasus in the 
west and subducting remnant oceanic crust in 
the east. As this remnant oceanic crust is con-
sumed, convergence is accommodated by 
shortening of the upper plate, growing and prop-
agating the Greater Caucasus eastward over time. 
Concurrently, in the west, deformation begins to 
propagate southward into the foreland, forming 
the Kura fold-thrust belt. Migration of deforma-
tion into the foreland may be in response to the 
interior of the Greater Caucasus reaching a criti-
cal height, as suggested by Allen et al. (2004). 
As slip transfers to the Kura fold-thrust belt in 
the west, shortening within the corresponding 
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area of the Greater Caucasus slows. Farther east, 
as the oceanic remnant is completely subducted, 
the Greater Caucasus continue to propagate 
eastward toward the Apsheron  Peninsula. Sub-
sequent eastward propagation of the Kura fold-
thrust belt is matched by a corresponding drop in 
the rate of shortening within the Greater Cauca-
sus. Thus, according to this model, the formation 
and eastward propagation of both the Greater 
Caucasus and Kura fold-thrust belt is the prod-
uct of the progressive eastward consumption of a 
relict ocean basin.

Though not illustrated in this schematic 
model, the West Caspian Fault (Fig. 1) must 
function as a right-lateral transform to isolate 
the remnant oceanic crust subducted beneath 
the Greater Caucasus from the oceanic crust 
that remains in the South Caspian Basin. This 
would further suggest the presence of what is 
essentially a triple junction between the faults 
bounding the southern margin of the Greater 
Caucasus, the West Caspian Fault, and the 
Apsheron Sill.

CONCLUSIONS

We draw several conclusions from our neo-
tectonic mapping of the Kura fold-thrust belt 
along the northern margin of the Kura Basin and 
southern margin of the Greater Caucasus.

(1) The Kura fold-thrust belt comprises south-
vergent folds that trend roughly parallel to 
the Greater Caucasus and deform Tertiary 
through Quaternary sediments.

(2) Structures within this belt appear to be ac-
tive, as indicated by folded abandoned sur-
faces of probable Quaternary age, ephemeral 

geomorphic features such as wind gaps, and 
anomalous drainage patterns that are charac-
teristic of active fold growth.

(3) The belt shows systematic along-strike 
variation in both structural complexity and 
topography, with more structures, larger 
cross-strike width, and greater volume in 
the western portion of the belt relative to the 
east. The simplest interpretation for these 
variations is that total shortening decreases 
eastward along strike.

By integrating our neotectonic observations 
with a new synthesis of published information 
regarding the regional stratigraphy and geology, 
we were able to construct two balanced cross 
sections across the Kura fold-thrust belt. Several 
additional conclusions can be drawn from this 
analysis of the regional bedrock geology.

(4) Deeper stratigraphic levels are exposed in 
the western part of the belt than in the east, 
supporting the conclusion drawn from our 
neotectonic mapping that structural com-
plexity decreases eastward along strike. 
Isopach maps and bore-hole data together 
indicate that these along-strike variations 
do not result from greater burial of the fold-
thrust belt in the east than in the west. We 
interpret the along-strike variation in ex-
posed stratigraphic depth to result from an 
eastward-decreasing depth to detachment 
within the fold-thrust belt.

(5) Our balanced cross sections indicate both 
a greater magnitude and earlier onset of 
shortening in the west than in the east. Spe-
cifi cally, total shortening along the western 
section is ~25 km (~22%), in contrast to 

~12 km (12%) along the eastern section. 
Local variations in unit thickness across 
structures and depositional contacts that 
crosscut underlying layers together sug-
gest that deformation initiated before or 
during Akchagyl time (3.4–1.6 Ma) along 
the western section but not until prior to the 
Apsheron  (1.6–0.7 Ma) in the east. Thus, 
we interpret the along-strike variation in 
total shortening to result from eastward 
propagation and diachronous initiation of 
shortening within the Kura fold-thrust belt.

(6) The Kura fold-thrust belt appears to be a 
major structural system within the Arabia-
Eurasia collision zone. Comparison of our 
shortening estimates with total magnitudes 
of N20°E convergence within the collision 
as derived from global and regional plate 
models suggests that the Kura fold-thrust 
belt has accommodated between 30% and 
45% of total Arabia-Eurasia convergence 
within the Caucasus since 5 Ma.

(7) To reconcile the geologic record of 
 eastward-decreasing total shortening and 
initiation age within the Kura fold-thrust belt 
with GPS velocities indicating eastward-
increasing convergence rates, we propose 
that eastward propagation of the fold-thrust 
belt is intricately coupled with the eastward 
growth and propagation of the Greater Cau-
casus and the closing of a remnant ocean ba-
sin that once existed between the two.

The results of this study also suggest the 
importance of localization in accommodat-
ing convergence, even in relatively young oro-
genic systems. The focusing of Arabia-Eurasia 
convergence within both the Greater Caucasus 
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Figure 11. Kinematic model of progressive eastward propagation of the Kura fold-thrust belt and Greater Caucasus. This model reconciles 
eastward-decreasing magnitudes and timing of deformation within the Kura fold-thrust belt and the Greater Caucasus with eastward-
increasing rates of total convergence as seen in the global positioning system (GPS) velocity fi eld. See text for discussion. Lesser Caucasus 
rotate counterclockwise about a pole in the eastern Black Sea at 0.84°/Ma relative to the Greater Caucasus, as indicated by recent GPS data 
(Reilinger et al., 2006). Barbed lines schematically represent the Greater Caucasus range-front fault system and the Kura fold-thrust belt. 
Dashed black line indicates future location of Kura fold-thrust belt. Thrusts shown in black are active; those in gray have reduced slip rates.
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and Kura fold-thrust belt has many implications 
for our understanding of mechanisms by which 
fi rst-order structures develop and evolve in con-
tinent-continent collisions.
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Plate 1. New neotectonic map of the Kura fold-thrust belt compiled from observations made from analysis of both Advanced Spaceborne 
Thermal Emission and Refl ection Radiometer (ASTER) and Shuttle Radar Topographic Mission (SRTM) data and mapped using Real-
Time Interactive Mapping System (RIMS). Base hillshade image generated from SRTM 90-m digital elevation model (DEM). See text 
for discussion. Panels in lower-right corner show topographic data. Upper panels show topographic profi les at 10× vertical exaggeration, 
and indicate that the cross-sectional area of topography elevated above a baseline connecting the fl oors of the Kura and Alazani basins 
decreases eastward, such that the area of western section is ~3.5 times that to the east. Lower panel shows simplifi ed topographic map. 
Undecorated black lines show margins of the Kura fold-thrust belt, which is also delineated by topographic contours in gray (100-m 
 interval). Blue lines bracket cross-strike width of topography. Decorated red and black lines show axial traces of active and inactive 
folds, respectively. Note the systematic eastward decrease in both topographic width and structural complexity.

Late Cenozoic deformation of the Kura fold-thrust belt, southern Greater Caucasus
Forte et al.
Plates 1 and 2
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Plate 2. New geologic map compiled by integrating neotectonic observations from the present study with previously published geologic 
mapping (Nalivkin, 1976). The original map illustrated faults (heavy black dashed lines) but did not indicate fold axes or fault type. 
Symbols in red are from our new neotectonic mapping. Faults were added only along the two lines of section, with the exception of the 
Mingachevir fault, which was extended based on previous mapping (Agabekov et al., 1971; Berberian and King, 1997). When construct-
ing the cross sections, we interpreted the faults on Nalivkin’s map as south-directed thrusts, based on the predominance of south-verging 

folds in the region. Geologic cross sections in lower-right corner are reproduced from Figures 8 and 9, in which they are also recon-
structed. Two enlargements of key areas appear on the lower- left corner. Enlargement 1 highlights the syntectonic nature of the upper 
Pliocene Akchagyl sediments at the western end of the fold-thrust belt. The Akchagyl in this area appears to crosscut underlying folded 
strata but is also deformed, suggesting it was deposited during the growth of the folds. In stark contrast, Akchagyl sediments in the east-
ern portion of the fold-thrust belt appear to be concordant with folds in underlying units as highlighted in enlargement 2.


