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K Ints:
ﬁ?Pb provenance indicates Greater Caucasus formed by post-collisional Cenozoic
osure of a Mesozoic backarc likely ~350-400 km wide.
@st-collisional subduction/underthrusting of such relict basins helps account for
ortening deficits and delayed plate deceleration.
~Plate convergence should not be expected to balance upper-crustal shortening or
e length of subducted slab following collision.
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Abstract

Comparison of plate convergence with the timing and magnitude of upper-crustal
shortening in collisional orogens indicates both shortening deficits (200-1700 km) and
signaksegnt (10-40%) plate deceleration during collision, the cause(s) for which remain
d_eb%e Greater Caucasus Mountains, which result from post-collisional Cenozoic
cIoLiﬂ.ﬂf a relict Mesozoic back-arc basin on the northern margin of the Arabia-Eurasia
col¥siogfzone, help reconcile these debates. Here we use U-Pb detrital zircon provenance
datWthe regional geology of the Caucasus to investigate the width of the now-
co@d Mesozoic back-arc basin and its closure history. The provenance data record
distouthern and northern provenance domains that persisted until at least the
Miocene, Maximum basin width was likely ~350-400 km. We propose that closure of the
bacmbasin initiated at ~35 Ma, coincident with initial (soft) Arabia-Eurasia collision
a@ Bitlis-Zagros suture, eventually leading to ~5 Ma (hard) collision between the
Lesser Caucasus arc and the Scythian platform to form the Greater Caucasus Mountains.
Finh.hasin closure triggered deceleration of plate convergence and tectonic
reation throughout the collision. Post-collisional subduction of such small (10%-
1mme) relict ocean basins can account for both shortening deficits and delays in
plagdaleleration by accommodating convergence via subduction/underthrusting,

althouglysuch shortening is easily missed if it occurs along structures hidden within

fwte belts. Relict-basin closure is likely typical in continental collisions in which
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the colliding margins are either irregularly shaped or rimmed by extensive back-arc

basins and fringing arcs, such as those in the modern South Pacific.

T=kefoduction

Qﬂntifying the deformational response of the continental lithosphere to plate
- —
colwis central for understanding fundamental earth systems such as geochemical
cydling fetween the crust and oceans [Li and West, 2014; Raymo and Ruddiman, 1992;
Ram al., 1988], the impact of seaway closure on ocean circulation [Allen and
Argg, 2008; Haug and Tiedemann, 1998], and environmental change in response to
the h of orogenic topography [Ruddiman and Kutzbach, 1989]. Active collisional
oroﬁre particularly significant because they provide unique opportunities to relate
thecgnse of continents to the plate motions driving deformation [e.g. Clark, 2012].
Ho , crustal shortening measured in most active orogens is typically hundreds to
thousands of kilometers less than post-collisional plate convergence [Lippert et al., 2014;
McRQuarrie et al., 2003; van Hinsbergen et al., 2011; Yakovlev and Clark, 2014]. For
ex in the India-Eurasia collision zone (Figure 1), total plate convergence (2400 to
3@) since the onset of collision at ~50 Ma exceeds the sum of known or inferred
cwta_lsﬁortening in Eurasia (1050 to 600 km) and India (675 £ 225 km) by at least 450
to @m [van Hinsbergen et al., 2011; Yakovlev and Clark, 2014], although

I&ric-scale balancing has been reported [e.g., Guillot et al., 2003; Replumaz et al.,
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2013; Replumaz et al., 2014]. Likewise, the deficit of crustal shortening in the Arabia-
Eurasia collision zone east of 48°E (Figure 1) is at least 220 to 420 km since 35 Ma,
based on the difference between 750 to 950 km of post-35 Ma plate convergence and
~3]U'R'I'H of documented shortening (i.e., ~175 km in Eurasia, ~175 km in the Zagros, and
~1@ﬁom Arabian underthrusting) [McQuarrie and van Hinsbergen, 2013] (Figure
. —
1). mproven challenging to identify the structural systems responsible for absorbing
thi@ing shortening and thus reconcile such shortening deficits. Proposed solutions in
boteblndia- and Arabia-Eurasia collisions include collisional ages younger than
ind} by geologic observations [Aitchison et al., 2007; Ali and Aitchison, 2006;
Bmﬁet al., 2013; McQuarrie et al., 2003] or subduction of large portions of thinned
corGal or oceanic crust on the leading margin of the incoming continent [Ballato et
aI.,m McQuarrie and van Hinsbergen, 2013; Simmons et al., 2011; van Hinsbergen
E&]. Based on the Cenozoic evolution of the Greater Caucasus, here we describe
chanism for accommodating such shortening deficits, in which post-collisional
sutM)n of a relict ocean basin accommodates convergence with minimal upper crustal
sh 0.
ctive collisional orogens also provide unique opportunities to relate the response
ngynamics to collision by determining how the balance of forces acting on the
colﬁ plates change during collision to produce post-collisional deceleration of

converfnce [Clark, 2012; Dewey et al., 1989; Molnar and Lyon-Caen, 1988; Patriat and
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Achache, 1984]. For example, post-collisional deceleration of plate motion has been
attributed to reduction in slab-pull following breakoff [Capitanio and Replumaz, 2013],
increased buoyancy from continental subduction [Capitanio et al., 2010], increased
gﬁ'lﬂ'l'ﬂ)nal potential energy due to upper-plate thickening [Austermann and laffaldano,
Zoﬁnl.ey et al., 2010; Flesch et al., 2001; Molnar and Lyon-Caen, 1988; Molnar and
S.togll<,_£09], or viscous resistance to plate motion by the upper-plate mantle lithosphere
[CI@OlZ].

he Arabia-Eurasia (Ab-Eu) collision is in the early stages of continental collision
an Jdes an ideal location to investigate both shortening deficits and post-collisional
dejgion of convergence. Relative to the India-Eurasia collision, the Ab-Eu collision
hasc‘nulated less total convergence because it is both younger (~35 vs. ~50 Ma) and
slo%zo vs. ~50 mm/yr) [e.g., Hatzfeld and Molnar, 2010]. In addition, the Ab-Eu
E&lppears to have a protracted early phase of soft collision that transitioned to a

isional mode at 20-17.5 Ma in Iran [Ballato et al., 2011] to ~5 Ma in the Greater
Cagcasus (this study). Although the rate of convergence has slowed over time in both
coljp [Austermann and laffaldano, 2013; Clark, 2012; Copley et al., 2010; Molnar
and , 2009], it appears that the Ab-Eu relative motion did not significantly

e until ~5 Ma [Austermann and laffaldano, 2013], roughly 30 Myr after the
onsj:ollision (Figure 1b) [e.g., Allen and Armstrong, 2008 ]. Specifically, rates of

Ab-Eu fnvergence were 31 to 32 mm/yr both before and after the ~35 Ma onset of
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collision [McQuarrie et al., 2003]. While post-20 Ma rates are slower (~24 to 20 mm/yr),
they are averaged over large time intervals (Figure 1b) and the ~20 mm/yr average rate
since ~11 Ma appears to mask a more recent drop in rate from ~30 mm/y at ~5 Ma to ~19
rrw present (Figure 1c) [Austermann and laffaldano, 2013].

Q.narticularly striking aspect of the Ab-Eu collision zone is the existence of relict
o.c n_basins that are now trapped within it, including the eastern Black Sea and the South
Ca@asin [e.g. Zonenshain and Le Pichon, 1986] (Figures 1a and 2). As used here,
reIiman basins include back-arc basins [Karig, 1971] such as the Japan Sea, remnant
ocC ins [Graham et al., 1975; Ingersoll et al., 1995] such as the Bay of Bengal, or
ba:ﬁmed by transtensional rifting [Taylor and Karner, 1983], such as the Gulf of
CaEa, and include relict back-arc basins trapped within continental interiors, as
su@ for the Junggar basin [Carroll et al., 1990; Hsi, 1988]. When dormant, such

are floored by ocean crust that is neither spreading nor subducting, [Ingersoll,
zersoll and Busby, 1995]. “Relict ocean basin” is a general description that does
notir&ly a particular basin-forming mechanism (e.g., back-arc rifting) or type of
unt@wg crust (oceanic, continental, or transitional).
oth the eastern Black Sea and the South Caspian Basin are generally interpreted
tfgct back-arc basins [e.g. Brunet et al., 2003; Knapp et al., 2004; Okay et al.,
1953\cent et al., 2005; Zonenshain and Le Pichon, 1986]. The geology of the Greater

Caucasi Mountains has long been understood to reflect Cenozoic closure and inversion
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of the Greater Caucasus Basin, a Mesozoic marine back-arc basin similar to the Black
Sea and South Caspian that originally formed during Jurassic back-arc rifting of the
Lesser Caucasus volcanic arc from the southern margin of Eurasia during north-dipping
sﬂdﬂ'ﬂlﬂ)n of Neotethys [Adamia et al., 1977; Adamia et al., 2011; Gamkrelidze, 1986;
Zo&iﬁ and Le Pichon, 1986]. However, the size of this basin and the role it has

= —

plw accommodating the Ab-Eu collision remain disputed.

Oere we use U-Pb detrital zircon provenance data in combination with
palmgraphic and paleotectonic reconstructions to determine if the basin was of
suffiglent size so that its closure could account for the discrepancy observed between
plaﬁvergence and crustal shortening. Our analyses indicate that early Jurassic to
mimiocene sandstones within the Greater and Lesser Caucasus were derived from
on@o basic sources: a northern domain, characterized by grains older than ~230 Ma,
a outhern domain, characterized by grains younger than ~170 Ma. This contrast in

ce reflects derivation from distinct sources on opposite sides of an intervening
ocggn basin that has since closed. These two sources are perhaps best exposed along the
Gir, Caj (River) in eastern Azerbaijan (approximately at location of sample SE-GC
in FJ 2a), where two sections of Albian-Cenomanian strata are juxtaposed across the
Zﬁust [e.g., Khain, 2007]. To the north, the Cretaceous strata consist of deep-
maﬁne-grained carbonaceous sandstone and shale [Kopp, 1985], while to the south,

the samg age strata comprise andesitic lavas and associated coarse-grained volcaniclastic
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rocks [Abdulleyev and Samedova, 1976]. The boundary separating these two packages of
rocks represents the location of this former ocean basin, and thus a suture zone. However
it is not defined by traditional geologic signs of a suture, e.g., obducted ophiolitic
nﬂhﬂl‘or a melange zone, so it is best described as a cryptic or hidden suture [sensu,
56@884]. Integrating these new U-Pb detrital zircon analyses with prior work on

| | — A

regﬂgeology, crustal structure, sediment provenance, and thermochronology suggests
thaguMuction of a relict ocean basin during the early stages of continental collision can

absmgnificant convergence with minimal crustal shortening and deceleration of plate

velﬁ
2. Eonic Setting

CUhe Greater Caucasus defines the northern margin of the Ab-Eu collision zone
bet he Black and Caspian seas, and is located 400 to 700 km north of the
topographic front on the northern margin of Arabia, with the range in values reflecting a
wew increase in the width of this sector of the orogen (Figures 2a and 2b). From
noouth, the main tectonic elements in the Caucasus region are the East European
Chﬂ\d fringing Scythian Platform, the Greater Caucasus, the Rioni, Kartli, and Kura
forilanglbasins, and the Lesser Caucasus Mountains (Figures 2a and 2b). The Lesser
Cal@ were sutured with the Anatolide-Tauride-Armenian (ATA) block to the south,

v&of Gondwanan affinity, along the Izmir-Ankara-Erzincan-Sevan-Akera (IAESA)
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suture (Figure 2b) in Late Cretaceous [Rolland et al., 2009; Rolland et al., 2012] or
Paleocene time [Sosson et al., 2010]. In eastern Anatolia, south of the IAESA, the nature
of the crust is disputed due to extensive Quaternary volcanic cover. One view is that it

cU'I‘l'p'l'I'Egs a subduction-accretion complex (the East Anatolian Accretionary Complex or

EAQLLJpper Cretaceous and younger ophiolitic melange and Paleocene to Upper

Oligocene flysch, with no continental basement [Keskin, 2003; Sengor et al., 2003;
Se@ al., 2008]. Another view is that it comprises the Anatolide-Tauride-Armenian
cormtal block [Oberhansli et al., 2012; Oberhéansli et al., 2010; Rolland et al., 2012;
So al., 2010]. In both cases the southern margin of eastern Anatolia is bound by
theﬁ-%tﬂrge metamorphic massif, which is separated from Arabia to the south by
theE—Zagros suture (Figure 2b). The Bitlis-Zagros suture is the main Neotethyan
sutween Arabia and Eurasia [e.g., Hempton, 1985 and references therein; Sengor
8] and is generally accepted to have closed in late Eocene to early Oligocene
t rd et al., 2005; Allen and Armstrong, 2008; Ballato et al., 2011; Boulton and
Roh.Ltson, 2007; Hempton, 1985; 1987; Rolland et al., 2012; Yilmaz, 1993], although
yon@(i.e., late Miocene) ages have been proposed [Ali et al., 2013; Okay et al., 2010].
Tﬁﬁle structural and geologic context for our zircon provenance study, the following

i uces the bedrock geology of the Caucasus region from north to south, followed by a

surﬁ of active tectonics.
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2.1 East European Craton and Scythian Platform

The East European Craton (Baltica) comprises blocks of Archean continental
crust (>2.54 Ga) enveloped within regions of Paleoproterozic (2.3-1.8 Ga) crust (Figures
1?!%'2’0) [e.g., Bogdanova et al., 2008; Wang et al., 2011]. The Scythian Platform
fri outhern margin of the East European Craton, although the nature and age of
- —
thegﬂﬂan basement are unclear due to extensive Mesozoic to Cenozoic sedimentary
co@he Indolo-Kuban and Terek basins and the intervening Stavropol high (Figure
me”n and Sengor, 2005; Nikishin et al., 2011; Nikishin et al., 2001]. This
ba has been variably interpreted as a complex Paleozoic orogenic belt [Belov et
al., 1978; Nikishin et al., 2011; Nikishin et al., 2001] or a late Paleozoic island arc-forearc

Sys bsequently duplexed by strike-slip faulting [Natal'in and Sengor, 2005]. It may

alsmme Proterozoic crust of possible pan-African (i.e., Gondwanan) affinity

@ etal., 2011].

2.2 Greater Caucasus

LI'he structural architecture and exposed geology of the Greater Caucasus orogen
var@ificantly along strike (Figure 2a) [Ali-Zade et al., 2005; Gudjabidze, 2003;
NaRvkin, 1976]. West of 44°E, the orogen is singly vergent and south-directed [Forte et
aﬂ!ﬂ'ﬂ!}. From north to south this portion of the range comprises a north-dipping
horme of Lower Jurassic to Miocene (Sarmatian) strata unconformably overlying

:@‘ Cambrian and Devonian strata above a crystalline core of Variscan basement in
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the hanging wall of the Main Caucasus Thrust; a complex system of north-dipping thrust
sheets of Jurassic clastic and volcaniclastic strata; a south-dipping homocline of Jurassic
to Sarmatian-aged strata at the southern mountain front; and a low-elevation foreland
foT@=trust belt exposing Lower Cretaceous to upper Miocene (Pontian) strata
[G@dﬁe, 2003; Nalivkin, 1976]. Between 44°E and 46°E, the range is doubly vergent
. —

butﬁo_rrﬂnated by south-directed thrusts [Forte et al., 2014]. From north to south, the
maws here include a north-directed thrust belt exposing lower Miocene (Tarkhanian)
to lmMiocene (Meotian/Pontian) strata on the northern margin of the range; north-
dir hrust sheets of Jurassic to Cretaceous-aged strata [e.g., Sobornov, 1996]; a belt
of ﬁ;can crystalline basement; south-directed thrust sheets of Jurassic to Cretaceous
claEd carbonate strata lacking significant volcanic components; a zone of complex
demion involving Middle Jurassic to upper Miocene (Sarmatian) strata near the

r ront; and a foreland fold-thrust belt exposing upper Paleogene to upper Miocene

( ) strata [Gudjabidze, 2003; Nalivkin, 1976]. East of 46°E, the orogen is again
singly vergent and south-directed [Forte et al., 2014] but lacks exposed basement [Ali-
Za@l., 2005; Nalivkin, 1976]. From north to south, main units here are Jurassic to
Cre s clastic and carbonate deposits [Kopp, 1985] structurally juxtaposed across the
nortn-aipping Zangi thrust [Khain, 2007] against similarly aged andesitic lavas and
assﬁd coarse-grained volcaniclastic rocks [Abdulleyev and Samedova, 1976] of the

Vandafzone. The foreland fold-thrust belt exposes upper Miocene (Sarmatian) to

10
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Pleistocene (Apsheronian) strata [Forte et al., 2010; Forte et al., 2013; Forte et al., 2015;
Nalivkin, 1976]. Within the Greater Caucasus, three domains are particularly significant
for the present study (Variscan Basement, south-directed thrust belt, and the Vandam). .
Hhe crystalline core of Variscan Basement is exposed west of ~45°E and
cor@a.l_ate Paleozoic, arc-related granitic plutons, migmatite, and both ortho- and
p.ar@s [Nalivkin, 1973]. The northern margin of this domain is a suture with Scythia
cor@g ecolgite-bearing blueschist with peak metamorphic conditions of 1.6 £ 0.2
GP 600 + 40 °C, [Perchuk and Philippot, 1997] reached at 330 to 310 Ma, based on
Smg d Lu-Hf garnet ages [Philippot et al., 2001]. The southern edge of the basement
domainis the Main Caucasus Thrust (Figure 2a) [e.g., Somin, 2011]. Early works
desEthe core of the Greater Caucasus as a mixture of Proterozoic through Paleozoic
ba% [Belov et al., 1978; Nalivkin, 1973], but more recent geochronology (U-Pb
m-Nd and Lu-Hf garnet, “°Ar/**Ar biotite and muscovite) suggests that most of
t Iline rocks are Late Paleozoic (Carboniferous-Permian) in age, with older
Preg';\m_brian detrital zircons in some of the paragneiss [Hanel et al., 1992; Perchuk and
Ph@, 1997; Philippot et al., 2001; Somin, 2011; Somin et al., 2007; Somin et al.,
200 preponderance of ~340-300 Ma granitic and metamorphic zircons in the core of
e

suggest it is part of the broader Variscan-Hercynian orogenic belt that extends

weﬁ into Western Europe. The crystalline core is spatially associated with the Dizi

metase:y.n' entary series to the south of Devonian to Triassic age [Adamia et al., 2011,
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Somin, 2011], although contact relations between the Variscan basement and Dizi
metasedimentary unit are unclear. The crystalline basement is locally intruded by mafic
to intermediate composition dikes (Figure 3a) of reported Middle Jurassic age [Gubkina
aHﬂ'EH'I!akov, 1989], and is depositionally overlain by upper Jurassic- and Cretaceous-
agem&arbonates (Figure 2a) [e.g., Nalivkin, 1976].

) Eouth of the crystalline core is an active, south-directed Thrust Belt (i.e., the
“S@] Slope Zone”), dominated by thrust sheets of middle-Jurassic to Pleistocene
sedmary rock originally deposited within both the Greater Caucasus Back-arc Basin
an ssor foreland basins that developed within the thrust belt [e.g., Adamia et al.,
20§nk3 et al., 1997; Dotduyev, 1986; Forte et al., 2014; Forte et al., 2010; Forte et
aI.,E; Philip et al., 1989]. The thrust belt was produced by Oligocene to Pliocene
sh@g [Avdeev, 2011; Avdeev and Niemi, 2011; Forte et al., 2010; Forte et al., 2013;
E al., 2010; Vincent et al., 2007; Vincent et al., 2011]. The northern part of the

t t comprises flysch deposits dominated by slate/shale and interbedded sandstone
(Figlljr_e?)b) of Jurassic- to Cretaceous-age [Kandelaki and Kakhazdze, 1957]. Deeper
(Ea@rassic) parts of this stratigraphic section are intruded by the same dikes of

Mi rassic age [Gubkina and Ermakov, 1989] as in the crystalline basement of the
Mﬁ‘ging wall (Figure 3a). Along the Inguri River in western Georgia (Figure 2a),
the belt contains a section of Early to Middle Jurassic-aged [Gamkrelidze and

Kakhazfe, 1959] pillow basalts and overlying volcaniclastic breccia at least several
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kilometers thick (Figure 3d). South of this volcanic series, the predominant rock type is
Jurassic- and Cretaceous-aged [Markus and Miroshanikov, 2001] flysch and
volcaniclastic breccia (Figure 3c), overlain by thick carbonates of Cretaceous age (Figure
2 anelidze and Kandelaki, 1957; Gamkrelidze and Kakhazdze, 1959]. Thrust
she@ﬁhe southernmost part of the thrust belt contain olistostromes within Paleogene-
a.g{?_arse clastic deposits that envelope carbonate blocks similar to the Cretaceous
uni@we north (Figure 3e) [Banks et al., 1997; Kandelaki and Kakhazdze, 1957,
Virwt al., 2007]. The southern edge of the thrust belt is defined by fault-propagation
fol rming upper Miocene to Plio-Pleistocene deposits in the Rioni, Kartli, and Kura
baﬁgure 2a) [e.g., Forte et al., 2010; Forte et al., 2013].

Ghe Vandam zone is a narrow belt of primarily volcaniclastic rocks exposed in
somcted thrust sheets along the southeastern margin of the Greater Caucasus in
E&m (around sample SE-GC on Figure 2a) [Abdulleyev and Samedova, 1976;

m?2006]. These rocks have previously been described as Jurassic to Cretaceous in
agee[Khain and Shardanov, 1960] and are primarily mafic to intermediate in composition
[Sa@ 2006]. Compositionally, they are very similar to Jurassic and Cretaceous aged
mrocks encountered at the base of deep wells within the Kura Basin [e.g.,

v and Moshashvili, 1978; Shikalibeily et al., 1988] and within the Lesser

Ca\ﬁ Arc (Figure 2a) [e.g., Kopp and Shcherba, 1985].

<C
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2.3 Lesser Caucasus

South of the Greater Caucasus and its flanking foreland basins, the northern
margin of the Lesser Caucasus Mountains is defined in the west and east by north-
dmCenozoic thrust systems in the Achara-Trialet and Talysh, respectively (Figure
2a)Q-Hlen et al., 2003; Banks et al., 1997; Vincent et al., 2005]. Less clear is the
- —
exlmwhich such north-directed thrusting characterizes the intervening northern
maflin §f the Lesser Caucasus (Figure 2a). Three subdomains of the Lesser Caucasus are
notww in terms of provenance: the Dzirula-Khrami-Loki Massifs, the Achara-Trialet
an h Belts, and the Lesser Caucasus Arc (Figure 2a).

The Dzirula-Khrami-Loki Massifs are fragments of Variscan and older
basgt very similar to the crystalline core of the Greater Caucasus (Figure 2a)
[G%idze and Shengelia, 2001; Gamkrelidze et al., 1981; Mayringer et al., 2011;
ﬁt al., 2016; Zakariadze et al., 2007]. In general, they expose Proterozoic to

rous-aged metamorphic and igneous rocks that are both intruded and overlain
by Mﬂzoic to early Cenozoic volcanic and volcaniclastic units [Gamkrelidze and
Sh@, 2001; Zakariadze et al., 2007]. The basement includes MORB-type metabasic
roc 4 + 100 Ma from whole-rock Sm-Nd) intruded by mafic/intermediate plutons
~750-540 Ma from U-Pb zircon, Rb-Sr whole rock and Sm-Nd mineral isochron)
infﬁo be an island arc complex built upon oceanic crust and then accreted to the

I\%ﬂeld of Gondwana [Zakariadze et al., 2007]. These peri-Gondwanan fragments
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are generally thought to have rifted from Gondwana via back-arc rifting above a south-
dipping subduction zone in the early Paleozoic. They were accreted to the southern
margin of Eurasia by ~350 Ma via closure of proto-Tethys, and were then subjected to
hl'dﬂﬂ!sure-low temperature metamorphism from 329-337 Ma [Rolland et al., 2011]
ancmnread granitic intrusion along the active Eurasian continental margin from 330-
2.8@bove a north-dipping subduction zone along the northern margin of Paleotethys
[e.@land et al., 2016; Zakariadze et al., 2007]. However, Rolland et al. [2016]
qu%the robustness of the Rb-Sr and Sm-Nd dates due to the extensive Variscan
me hic overprint and protracted residence of the samples in the upper plate of a
Ion;ﬁz Mesozoic subduction zone. In the Dzirula Massif, mafic to intermediate
innE rocks record a crystallization age of ~540 Ma (upper intercept of U-Pb zircon
dism chord) with a metamorphic overprint at 338 + 5 Ma (concordant U-Pb zircon
Eng with Variscan zircon crystallization ages of 335 to 320 Ma [Mayringer et al.,

| and et al., 2016]. In the Khrami Massif, zircons from a granodiorite reworked
to Wtite yielded core ages of 474 + 3 Ma and Variscan rims ages of 343 £ 2 Ma
[R@et al., 2016].

he Achara-Trialet and Talysh Belts are located along the northwestern flank

ngsser Caucasus Mountains in Georgia and in the Talysh Mountains of Azerbaijan,
resﬂely (Figure 2a), and predominantly comprise late Mesozoic to Cenozoic

volcani:and volcaniclastic rocks [Azizbekov and Dzotsenidze, 1971]. Both regions
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appear to have been narrow extensional basins that opened during the Cretaceous-Eocene
and were filled with a mixture of sedimentary and volcanic deposits [Adamia et al., 1974;
Kazmin et al., 1986; Yilmaz et al., 2000]. In the Achara-Trialet belt, Cretaceous and

L ocene aged carbonate and flysch, locally intruded by dikes, are overlain by thick
suc&s of Eocene to Oligocene aged volcanic and volcaniclastic rocks that are

= —

varEbI_yinterpreted as indicative of arc or post-collisional volcanism [Yilmaz et al.,
Zot]-.)wese rocks are deformed by a series of north-vergent thrusts and folds (Banks et
aI.,‘ﬁ Robinson et al., 1997). In the Talysh, ~10 km of middle Eocene sedimentary
an ic volcanic rocks [Kazmin et al., 1986] are interpreted to reflect back-arc rifting
no?ﬁt;tthe Neo-Tethyan subduction zone [Vincent et al., 2005].

Ghe Lesser Caucasus Arc comprises a portion of the Lesser Caucasus Mountains
nomhe IAESA suture (Figure 2a). This belt is a remnant of a large volcanic arc or
agm that was active from Late Jurassic to Cretaceous time, with punctuated
t vents at 183, 166, and 114 Ma [Rolland et al., 2011], and is thought to be
conginuous with the Pontide arc in Eastern Turkey [Yilmaz et al., 2000]. VVolcanism
res@rom north-directed subduction along the southern flank of the Lesser Caucasus,
rou in the location of the IAESA suture (Figure 2b) [Adamia et al., 1977,

Idze, 1986; Kazmin et al., 1986; Zonenshain and Le Pichon, 1986]. The Greater

Ca\ﬁ basin opened as a back arc of the Lesser Caucasus Arc, to the north in present

coordinfes. Geochronologic and geochemical data from Jurassic to Eocene igneous
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rocks of the Lesser Caucasus indicate a subduction source [Mederer et al., 2013; Moritz
et al., 2016; Sahakyan et al., 2016]. The modern structural architecture of active faults in
the Lesser Caucasus is poorly understood, with north-directed thrusting, south-directed
tH'I'!S'EI'I'I'd, and strike-slip faults all proposed as dominant structures [Kogyigit et al., 2001;

Ph@a.l., 1989; Rebai et al., 1993]. More recent work argues for a strike-slip regime

[A\ggyan et al., 2010].

Z.M/e Tectonics & Cenozoic Shortening

(,Between the Black and Caspian seas, 50 to 70% of present-day, orogen-
per@ular Ab-Eu convergence is localized in the Caucasus [e.g., Jackson, 1992;
Mc@ et al., 2000; Reilinger et al., 2006]. Prior workers hypothesized that much of
thi ening was localized on thrust systems at the southern topographic front of the
Grerat;ﬁaucasus, such as the Main Caucasus Thrust in Azerbaijan [Allen et al., 2004,
Philj al., 1989; Reilinger et al., 2006]. However, new work shows that east of 45°E,
most active shortening is accommodated to the south of the topographic front, within the
KuLﬁyld-thrust belt [Forte et al., 2014; Forte et al., 2010], with southward propagation
of ormation front occurring at ~2-1.5 Ma [Forte et al., 2013]. East of 45°E, the
Grdater Caucasus Mountains overlie a north-dipping zone of subcrustal seismicity
ireduemedtd as a subducting slab of Kura basin basement [Khain and Lobkovskiy, 1994;

Khaliloset al., 1987; Mellors et al., 2012; Mumladze et al., 2015; Skolbeltsyn et al.,

Z%he down-dip extent of seismicity implies a slab length of 130 — 280 km
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[Mumladze et al., 2015], as explained in the supplement. The lack of such deep seismicity
west of 45°E is inferred to result from recent slab breakoff beneath the western part of the
Greater Caucasus [Mumladze et al., 2015].
"_!stimates of total shortening across the Caucasus span an order of magnitude.
Pal@nﬁtic data imply values as high as ~900 + 350 km for shortening across the
= —
corgllnin_ed Greater and Lesser Caucasus [Bazhenov and Burtman, 1989], with recent work
ind@ that the South Armenian block (Figure 2b) was no more than 1000 km from
the{o,jern margin of Eurasia in the Late Cretaceous [Meijers et al., 2015]. Ershov et al.
[20 timated 300 km of shortening based on crustal-scale area balancing of the
orogen and an assumption of an original crustal thickness of 15-17 km. Estimates of ~200
ka)rtening in the Greater Caucasus are based on reconstruction of folding,
est fault offsets, and original patterns of sedimentary facies [Dotduyev, 1986]. At
?westem Georgia, we obtain a minimum shortening estimate of 130 km, based

i ngth balancing of a crustal-scale cross section (Figure 4) that we constructed
frogth_esurface geology reported on 1:200,000-scale Soviet geologic maps. However,
ong@geologic mapping in the vicinity of the surface trace of this cross section
indi that this estimate is too low; future refinement of this shortening estimate is
eﬁ [e.g., Trexler et al., 2015]. The smallest shortening estimate (~25 km) is implied

by rison of the present width of the range to a presumed original basin width of

~80 km:’n the middle Eocene, prior to closure [Nikishin et al., 2011].
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3. Methods

Detrital zircon geochronology is a well-established technique for determining
sediment provenance patterns and defining tectonostratigraphic correlations [Andersen,
20(@?% et al., 2004; Dickinson and Gehrels, 2003; Fedo et al., 2003; Gehrels,

2_0 LZ, e rels and Dickinson, 1995; Kelty et al., 2008; Weislogel, 2008; Weislogel et al.,
20@.&1 this method, U-Pb isotopic analyses of multiple (>100), randomly selected
indyyidypl zircon grains are used to determine the distribution of single-grain ages within
a sw The frequency of these single-grain ages are commonly interpreted as
refw the areal distribution of the ages of rocks exposed in the sediment source area
at tEe of deposition [e.g., Gehrels and Dickinson, 1995], and samples with dissimilar

age froug)s are interpreted to have been sourced from distinct source areas [e.g. Andersen,

200%; ®¢ehrels, 2012].

M

pling Strategy

The size and geometry of the Greater Caucasus basin are poorly constrained [e.g.,

[

>

dagaig et al., 2011; Golonka, 2007; Nikishin et al., 2011]. To determine if the basin was

of s lent size so that its closure could account for discrepancies between plate

h

nd crustal shortening, we conducted U-Pb analyses of detrital zircons from 8

{

samples to characterize the sources of the homogenous flyschoid sediments of the Greater

T

Basin and sediments derived from arc volcanics within the Lesser Caucasus

2a; Table S1). We focus on characterizing samples on opposite sides of the south-

A
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directed thrust belt in the Greater Caucasus, because this belt is inferred to result from
inversion of the Greater Caucasus relict back-arc basin and is located between Scythia
and the East European Craton to the north and the Lesser Caucasus to the south. Thus, we
ir‘I'I'!‘!'I'H‘Hay contain a cryptic or hidden suture zone [e.g., Sengdr, 1984]. In detail, the
goQ.m determine if the Greater Caucasus Basin was large enough to prevent

= —

sedﬂne_rﬂary exchange across it prior to Cenozoic closure. The samples comprise two
pai@andstone samples largely spanning the thrust belt in the Greater Caucasus and
fou%ern sediment samples from rivers draining the south flank of the Greater

Ca (Inguri and Kumuk), the Lesser Caucasus (Tovuz), and the Achara-Trialet
(Kura upper catchment). We combine these results with the limited detrital zircon data
avg for the Caucasus region (Table S1), including all reported analyses of Mesozoic

[1 @ Allen et al., 2006] and Oligo-Miocene-aged sandstones [5 samples, Vincent et

(Figures 2a and 2b), as well as modern sediment from large modern rivers

into the Caucasus region from the Eurasian continent (Don, Dnieper, and Volga
Ri\grsl Russia) [Wang et al., 2011] (Figure 1a). We report depositional ages for
prey®®ly published Cenozoic samples using both the Paratethyan and international

chr atigraphic stages (e.g., Chokrakian; Langhian) as originally reported [Vincent et
<

Voﬁllen et al., 2006; Safonova et al., 2010] and Don [Safonova et al., 2010], because

Vincent et al., 2013]. We exclude earlier detrital zircon studies of the modern

they cogform with the results of Wang et al. [2011]. Likewise, we do not include detrital
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zircon analyses from 4 samples of the Lower Pliocene Productive Series on the Apsheron
Peninsula [Allen et al., 2006] due to their small sample sizes (~60 grains), young

depositional ages, and restricted stratigraphic and geographic range.

e

3. lytical Techniques

= =l the present study, we performed U-Pb isotopic analyses of zircons from 8
sanha-(Figure 2a) using laser ablation multi-collector inductively coupled plasma mass
spe@etry (LA-MC-ICPMS) at the Arizona LaserChron Center following analytical
proWes summarized in the supplement and described by Gehrels et al. [2006] and
Gehrels¥t al. [2008]. We visualized the detrital age distributions (Figure 5) using both
kerEnsity estimation (KDE) and probability density plots (PDP) generated with the
Dengiy@&lotter software [Vermeesch, 2012], which employs algorithms for adaptive
banmh selection [Botev et al., 2010] and log-transformation to visualize both young
and actions [Brandon, 1996]. We compared age populations between samples both
subjectively, using visual comparison of the PDP and KDE curves, as suggested by
Puhm al. [2014] (Figure 5a), and quantitatively, using the likeness metric for
cog PDPs (Figure 5¢ and 5d) [Satkoski et al., 2013]. Additional information on
andytical details, explanations of both PDP and KDE plots, selection of quantitative
conpmemilon metrics, and locations of additional provenance analyses previously reported

by Vincght et al. [2013] are supplied in the Supplementary Information.

<
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4. Results

Ages from this study are reported in Table S2 and shown as KDE and PDP curves
on Figure 5a, on concordia diagrams in Figure S2, and as cumulative density functions in

FigGB-.Likeness values are shown on Figure 5d and reported in Table S3.

A ]|=SETistone

andstone samples NE-GC and NW-GC, in the northern part of the thrust belt, are
cha%éized by broad distributions of Mesozoic and Paleozoic ages (Figures 2a and 5a).
Int st, sample NW-GC has a Lower Jurassic depositional age [Gamkrelidze and
Kamze, 1959] and is dominated by 300-800 Ma zircons, while to the east, Tithonian
[KRain and Shardanov, 1960] sample NE-GC mainly contains 150-530 Ma zircons, with
a tﬂnding past 2.0 Ga (Figure 5a and Table S2). In sharp contrast, sandstone

W-GC and SE-GC from the southern part of the thrust belt lack statistically
Et populations (i.e., > 3) of early Mesozoic and Paleozoic-aged grains (Figures
2a and 5a). Instead, they yield age distributions dominated by single narrow peaks of
Juraggic to Cretaceous age; i.e., ~170 Ma for sample SW-GC in the west and ~100 Ma for
saerE-GC in the east, which has a Cenomanian depositional age [Khain and
ShiG)v, 1960]. A statistically significant peak at ~27 Ma in sample SW-GC (5
analyses from 3 grains) indicates an Oligocene maximum depositional age that is much
yo$than its previously mapped Bajocian (Jurassic) age [Gamkrelidze and
dze, 1959].
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4.2 Modern River Sediment

Modern sediments in the Inguri and Kumuk rivers draining the fold-thrust belt on
the southern margin of the Greater Caucasus have age spectra dominated by 170-800 Ma
zmlwith no younger peaks (Figures 2a and 5a). In contrast, younger peaks dominate
in Qﬂ-sediments from the Tovuz River, which drains the Lesser Caucasus, and the
- —
up;ﬁatchment of the Kura River, which drains the Achara-Trialet belt (Figures 2a and
5a®Tovuz sample is dominated by 80-170 Ma grains, with no statistically
sigmw older peaks. The Kura River contains peaks at 6-10 Ma and 40-50 Ma, with a

spr ages between 80 and 250 Ma (Figure 5a), also with no statistically significant

older peaks.

C
5. 6§ussion

Eovenance Domains

Previous detrital zircon characterization of potential sediment source areas is
largely lacking in the Caucasus region. To address this problem, we analyze our results
tog¢with those from other workers using the Likeness-value technique for comparing
Z.iiGe spectra [Satkoski et al., 2013] (Figure 5). The likeness value (L) is the absolute
vﬁte_of'the difference between 2 zircon age spectra probability density functions

[Saa et al., 2013], where L = 1 represents identical samples, L = 0.5 represents

%with an equal number of age peaks that overlap as don’t overlap, and L =0
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represents samples with no overlapping age peaks. However, L is also a function of
sample size. Using a recently published 4000-grain zircon U-Pb age sample set [Pullen et
al., 2014], we find that the average L value for a 100-grain sample (typical of the data
fMCaucasus) is 0.77 (Figure 5c). Therefore, we normalize the L values for pair-
wiQnarisons of the Caucasus detrital data by this value, and visualize the result
. —
usiworrelation matrix (Figure 5d), where blue (yellow) colors represent small (large)
val@ normalized L and thus low (high) degrees of similarity.

his comparison, which is one of many possible quantitative comparisons [e.g.,
Ge 2014], suggests four principal age spectra components. An East European
Cr;ﬁn(EEC) component (Figure 5d) is comprised of predominantly Proterozoic and
ArGgrains, with subordinate Paleozoic grains, and is seen in modern rivers that drain
the%ian craton (Dnieper, Don, Volga), and Oligo-Pliocene sedimentary rocks found

he Greater Caucasus (ILN#13_ 700, WC139/1) (Figure 1). A Variscan

nt (Figure 5d) is seen in samples from the Greater Caucasus range (NE-GC,
NV¥-GC, GC41), and in modern rivers that drain that range (Inguri, Kumuk), as well as in
OIi@e-aged sedimentary rocks apparently derived from Variscan basement blocks in
the r Caucasus (e.g. Dzirula) that were rifted off of the south Eurasian margin
(Vg) [Vincent et al., 2013]. This component chiefly comprises Paleozoic grains,

wit older grains, and a peak of Jurassic (~170 Ma) ages. A Mixed component

(Figure fd) shows affinity to both the EEC and Variscan components, and is found in
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Oligo-Miocene strata in the western Greater Caucasus (WG66¢/2, WC99/3) [Vincent et
al., 2013]. A Lesser Caucasus component is found in the southwestern Greater
Caucasus (SW-GC) and in one modern river (Tovuz) that drains the Lesser Caucasus
(H‘!‘EI'E'gd). It consists almost exclusively of Mesozoic grains, although minor
corﬁnﬁs of both older and younger grains are present. Two additional samples show
= —
no w affinities to other samples: A sample from the southeastern Greater Caucasus
(SE@ in the Vandam zone of Lesser Caucasian affinity, shows a nearly unimodal age
peamwe mid-Cretaceous. This sample is a proximal volcaniclastic sequence, and likely
pre grains from a single eruptive sequence. A sample from the Kura River has
weﬁnity to samples of all other groups, and likely is composed of a mixture of all
fougr domains (Figure 5d).

CUomparing the spatial and temporal distributions of the samples within these
Ets yields several key observations. (1) The Variscan basement and associated
r comprise the Greater Caucasus are distinct (in terms of zircon age spectra)
frowons derived from the East European Craton. (2) Modern rivers draining the
thr@t on the south flank of the Greater Caucasus have almost no zircons of affinity
wit ast European Craton. (3) At least some Cenozoic sedimentary rocks south of
tﬂgir Caucasus contain grains of affinity with the East European Craton (e.g.,

WCﬁ(Oligocene) and WG66¢/2 (Middle Miocene)), suggesting growth of the Greater

Caucasi Mountains has only recently defeated south-flowing rivers crossing the East
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European Craton and Variscan domains. (4) A Jurassic (~170 Ma) age peak is present in
both the Variscan component and the Lesser Caucasus component; however, the Variscan
component does not contain younger Mesozoic age peaks that otherwise characterize

L aucasus-affinity rocks or modern rivers that drain the Lesser Caucasus, such as

theQLand Kura).

5.Zsiabogeography of Northern and Southern Provenance Domains
Ohree variables must be tracked for each sample when evaluating the
palwgraphic implications of the detrital zircon results and additional provenance data
discusseyl below: the depositional age, the provenance domain, and the geographic
Ioc'celative to the Greater Caucasus thrust belt. Comparison of sample locations
(Fi a) with provenance associations (Figure 5) indicates that samples from the
nom part of the Caucasus region generally show Variscan provenance, whereas those
fro southern part of the Caucasus region show affinity with the Lesser Caucasus
Arc. The northern (Variscan) and southern (Lesser Caucasus) provenance domains are
seps-md by the thrust belt along the southern flank of the Greater Caucasus (Figure 6).
Ohe northern (Variscan) domain is defined by the broad distribution of early
Megozoic to Neoproterozoic ages (230 to 800 Ma) seen in (a) Jurassic sandstone samples
Nisp@adnd N\W-GC from this study and GC41 from Allen et al. [2006], (b) an early
Oli@e (Maykopian; middle Rupelian) sample in the northern part of the thrust belt

qhi (WC99/3), a middle Miocene (Chokrakian; Langhian) sample from the middle
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of the thrust belt in the southwestern Greater Caucasus (WG66¢/2), an Oligo-Miocene
(middle Maykopian; Chattian-Aquitanian) sample from the Indolo-Kuban basin north of
the range (ILN#13_700), and Mio-Pliocene (Kimmerian; late Messinian-Zanclean)
sal'lm"rom the Taman peninsula (WC139/1) to the north and west of the thrust belt
[Vi@eﬁal., 2013] (Figures 1, 5, and 6). This domain also contributes modern
s; m to the Inguri and Kumuk rivers (Figures 5 and 6). These ages indicate that
Me@ sedimentary deposits in the northern part of the Greater Caucasus thrust belt
wewved from Paleozoic to early Mesozoic sources dominated by Variscan basement
ex long the northern margin of the Greater Caucasus Basin. The low abundances
ofﬁbrian grains in both the Mesozoic samples and modern Inguri and Kumuk
Ri\ziments suggests the EEC was not an important sediment source during
M@ opening and Cenozoic closure of the Greater Caucasus Basin [e.g., Vincent et
2 However, the presence of peri-Gondwanan ages in some of the samples is

st \vith zircon U-Pb crystallization ages throughout Iran in the Lut, Central, and
Sanandaj-Sirjan zones [Hassanzadeh et al., 2008]. These ages appear in sample NW-GC,
and® minor component of the Inguri sample, but are otherwise mostly absent. Thus,
whi re may have been a piece of Cimmeria in the region during the Jurassic as a
sﬁgr sediments now in the western Greater Caucasus, it no longer appears to be a

sigﬁwt sediment source. The northern source defined the northern margin of the relict

ocean bgsin from Middle Jurassic to Eocene(?) time, and is now exposed within the core
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of the Greater Caucasus (Figures 2a, 5 and 6). Importantly, the lack of grains younger
than ~170 Ma in modern sediments of the Inguri and Kumuk rivers attests to the lack of a
young age component in this northern domain.

H contrast, the southern (Lesser Caucasus) domain is characterized by ages ~170
Ma@d.l.e Jurassic) and younger, and almost entirely lacks the old ages that define the
- —
normdomain (Figures 5 and 6). Samples of south-domain affinity include (a)
Me@ sandstone sample SE-GC at the southern edge of the thrust belt in the
soumern Greater Caucasus, (b) Cenozoic (post-27 Ma) sandstone sample SW-GC, in
the western part of the thrust belt, and (c) modern sediments in rivers draining the
Lesﬁaucasus (i.e., Tovuz and Kura). In these samples, the almost complete lack of
oIdGins derived from the northern source indicates that Mesozoic and Cenozoic
seo%s in the southern domain were sourced almost exclusively from a Jurassic-to-
Izm/ged island arc complex along the southern edge of the basin. The analysis of
I alues in Figure 5d indicates minimal evidence for mixing between the northern
(Vg:ian) and southern (Lesser Caucasus) domains, in contrast to evidence for mixing of

EE@ Variscan domains in two samples from the westernmost Greater Caucasus.

5.FLocation of Hypothesized Suture in the Greater Caucasus
wfemmifhe generally distinct age distributions between samples with Variscan

provengce affinity in the northern Greater Caucasus and those with Lesser Caucasus

aqo the south suggests the presence of a significant crustal boundary along the
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southern flank of the Greater Caucasus, which we interpret as a cryptic suture zone
within the Greater Caucasus thrust belt. This inferred suture zone is shown schematically
in Figure 6, although the geometry is approximate because it is simplified and important
awg"emain to be established. Specifically, more work on the internal structure of the
thr@ﬂs needed to determine if the location and geometry of the suture can be refined
. —
intq a discrete structure or set of structures. Details of the basin evolution remain
unt@ because samples for detrital zircon and other provenance studies are generally
froWosits now exposed in south-directed thrust sheets produced by Miocene to
Pli deformation [Avdeev, 2011; Avdeev and Niemi, 2011; Forte et al., 2010; Forte
et ;.,313; Sosson et al., 2010; Vincent et al., 2011] that remains to be palinspastically
resEAs a result, the original positions of the samples within the basin at the time of
de@n remain largely unknown.

s shown on the schematic cross sections in Figure 6 and explained below, we
i the Greater Caucasus basin was wide during latest Cretaceous to Paleocene
tinw narrow both during middle Jurassic opening and late Miocene closure of the
ba-‘@basin. The lack of significant overlap in ages between the northern (Variscan)
and ern (Lesser Caucasus) domains indicates a lack of sedimentary exchange across
tﬁer Caucasus Basin from the late Mesozoic until at least Oligocene time.

jhe southern domain also contains Variscan basement in the Dzirula, Khrami and

Loki Mgassifs (Figures 2a and 6) [Nalivkin, 1976; Robinson et al., 1997; Sosson et al.,
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2010; Zakariadze et al., 2007]. These massifs were rifted from the Variscan orogenic belt
along the southern margin of Scythia during Mesozoic back-arc rifting and initial opening
of the Greater Caucasus Basin [e.g., Kazmin et al., 2000; Zonenshain et al., 1990]. Thus,
tﬁﬁh'&ence of these blocks within the Lesser Caucasus explains the apparent north-
dor@ianature in some samples on the southern side of the inferred suture zone.

| —

Spglflcally, the Dzirula Massif contains Variscan-aged zircons [e.g. Mayringer et al.,
ZO@d is inferred by Vincent et al. [2013] to have served as a local source for both

det%i rcon sample WG95/1 and three additional sandstone provenance samples

(Cﬁ WG105/1, WGT77/1) (Figure 6).
he presence of samples in the southernmost Greater Caucasus with south-

dorGrovenance affinity (i.e., samples SW-GC and SE-GC and the 170 Ma peak in
In@d Kumuk sediments) suggests that the Jurassic- to Eocene-aged island arc
En the Lesser Caucasus now extends beneath the Cenozoic foreland basin cover
#oni, Kartli, and Kura basins as a large composite terrane, slivers of which are
nowosed in south-directed thrust sheets along the southern margin of the Greater
Ca@. This configuration is supported by whole-sediment, major- and trace-element
geo ical analyses, which indicate that volcaniclastic samples of the Mesozoic
Vﬁterrane in the southeastern Greater Caucasus of Azerbaijan are geochemically
indﬁ.ﬂshable from modern sediment in rivers draining the southeastern Lesser

Caucasi [Forte, 2012]. This correlation is also supported by the similarity between
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Jurassic and Cretaceous aged volcanic rocks in the Vandam and those in deep wells

within the Kura Basin [e.g., Agabekov and Moshashvili, 1978; Shikalibeily et al., 1988].

Sf'E:'onciling Pre-Bajocian (~170 Ma) Mixing of Sources

deak of ~170 Ma grains is present in all samples analyzed in this study except
for NW.GC, deposition of which predates this time, as well as 6 of the 9 previously
rep&l!edsamples: the Bajocian sandstone from the northeastern Greater Caucasus (GC41)
[Alual., 2006], Oligocene (WG95/1, WC99/3) and Miocene sandstones (WG66¢/2,
WUQ}) [Vincent et al., 2013], as well as the modern Volga [Wang et al., 2011] (Figure
5). Grailys of this age appear to be an important component of the southern (Lesser
CaE) domain, based on their abundance in the Tovuz and Kura River sediments and
ins s associated with the Vandam (SE-GC, Kumuk), which is likely part of the
Lesgeﬁucasus arc now incorporated into the Greater Caucasus as noted above.
Signifse®nt Middle Jurassic arc volcanism has been reported in the Lesser Caucasus [e.g.,
Sosson et al., 2010]. Amphibole and muscovite “°Ar/**Ar ages of 166-167 Ma have been
repSll!ed-for a single metamorphic block inferred to have rapidly exhumed by extension
wil@e Lesser Caucasus arc prior to deposition within Upper Cretaceous subduction-
relqted flysch within the IAESA suture [Rolland et al., 2011]. Because of the
prefemsdhance of ~170 Ma material in the Lesser Caucasus, the presence of this peak in

samplegjhorth of the inferred suture zone (NE-GC, GC41, WC99/3, WC193/1, and

%IS potentially problematic.
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We interpret the occurrence of ~170 Ma grains in Mesozoic sandstones north of
the suture zone (NE-GC and GC41) to indicate that the Greater Caucasus Basin was still
relatively narrow at the time of their deposition. A more extreme interpretation is that
opd'l'l'l'l'g‘of the Greater Caucasus Basin had not yet started, although we infer that
ext@Middle Jurassic mafic dikes mapped within the crystalline basement of the
. —

Grgte;(:aucasus [Gubkina and Ermakov, 1989] likely indicate that rifting was underway
by @ne. A narrow basin would have allowed for depositional transport into the
nor domain of material sourced from the southern domain during the early stages of
rift] g., Figure 6). This transport most likely resulted from either primary northward
air ﬁom the Lesser Caucasus arc or ~170 Ma volcanism on both sides of the back-arc
bas:t was opening. Depositional exchange across the basin via far-travelled
turm is less likely because it seems to predict north-domain grains in sample SE-GC
Eot observed. Paleocurrent analysis could help to distinguish between these ideas,
e unaware of such data. Small numbers of grains (< 3) of this age in Oligocene

(eaﬂy Maikop; WC99/3, Sochi) and Mio-Pliocene (Kimmerian; WC139/1, Taman)

san likely reflect either recycling of 170 Ma grains sourced from Mesozoic
sed| in the northern domain that had been affected by Mesozoic sediment exchange
uring Incipient rifting, or input of sediment from the southern domain during the later

staﬁ Cenozoic basin closure, after the basin size had been significantly reduced. The

origin gfthe single ~170 Ma grain in the Volga sample remains cryptic. Samples in the
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southern domain contain the ~170 Ma peak because they are part of, or were sourced
from the southern domain. Such samples include those from thrust sheets of S-domain
rocks incorporated into the southern portion of the Greater Caucasus thrust belt (e.g., SE-
Gﬂ?ﬁ'—GC, WG95/1, WG66¢/2) and modern rivers crossing those sheets (Inguri,

Kumas well as modern rivers draining the southern domain (Tovuz, Kura).

5.5!Hnodern Rivers

Uetrital zircon age spectra from modern sediments in the Inguri and Kumuk
rivWich drain the southern flank of the Greater Caucasus, contain both north- and
sou@nain components (Figure 5) and thus suggest mixing of north and south-domain
pr(Ece, although the overlap is not sufficient to appear in the Likeness values. Such
mixjRgds expected because their catchments cross the Greater Caucasus thrust belt and
thumnferred suture zone (Figures 2a and 6). In contrast, those from the Kura and
Tov hich drain the northern flank of the Lesser Caucasus, show derivation
exclusively from the southern source. The catchment above the Tovuz River sample is
Ioc;ed-mtirely south of the inferred suture zone and within the Lesser Caucasus. As
ex;@, it shows a predominantly south-domain signature, with peaks dominated by
Jurgssic-Cretaceous aged zircons (Figure 5a). The small number of older grains in this
sampmbenlliccly reflects recycling from sediments originally containing material derived

from V;iscan basement in the Dzirula, Khrami, or Loki blocks, or Proterozoic basement

i%arkuniatz Massif (Figure 2a). The catchment above the Kura River sample is
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primarily within Eocene-aged volcanic and volcaniclastic rocks in the Achara-Trialet
zone [Banks et al., 1997], and this sample is overwhelmingly represented by Oligocene-
Eocene age zircons. Significant peaks at ~6-9 Ma reflect derivation from Mio-Pliocene
vU'IlEI'I'I'L‘rocks in eastern Anatolia [Aldanmaz et al., 2000; Keskin et al., 1998; Pearce et
aI.,@m\/hile another at ~320 Ma indicates contribution from the Dzirula Massif, the
e;sslsi_d_eof which lies within the sampled catchment. The ~320 Ma peak seems to be
faiy gnostic of Dzirula.

odern Russian rivers draining the East European Craton and Scythian Platform
are inated by Precambrian ages, with secondary Paleozoic components (Figure 5a)
[Alﬁ;l., 2006; Safonova et al., 2010; Wang et al., 2011]. As previously noted [e.g.,
VirCt al., 2013], the general lack of Precambrian grains in most samples from the
Ca@ region indicates that the East European Craton was not a significant sediment
Ering Mesozoic opening of the Greater Caucasus Basin or its Cenozoic closure.

er grains are seen in Oligo-Miocene sandstones samples on the Taman
perg'r:slla (WC139/1), in the foreland basin on the north side of the Greater Caucasus
(IL@?OO), near Sochi (WC99/3) and one sample in western Georgia (WG66c¢/2),
cﬁt with the inferred positions of these samples either north of, or within the

n porting of, the Greater Caucasus Basin prior to and during its closure.

Aut
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5.6 Other Provenance Data

Below (Section 6.1), we infer that the Greater Caucasus Basin was likely on the
order of ~350-400 km wide prior to Cenozoic closure. This differs from previous
irmtions of a relatively narrow Paleogene transtensional basin [e.g., Vincent et al.,
ZOQ—thich sediments were locally derived [e.g., Vincent et al., 2013; Vincent et al.,
- —
Zomhe key difference between the relict-ocean and transtensional basin models is in
theffateSy Mesozoic to Paleogene paleogeography (Figure 6). Specifically, the existence
of m (~350-400 km wide) relict back-arc basin would be contradicted by Paleocene-
to -aged deposits in the Greater Caucasus north of the inferred suture zone
showing derivation from the Lesser Caucasus, or similarly aged sediments south of the
inf;uture zone showing derivation from the Variscan basement and associated
Palcm: sediments now exposed in the core of the western Greater Caucasus. However,
t r test is complicated by Variscan basement of the Dzirula, Loki, and Khrami

ithin the Lesser Caucasus provenance domain.

&_A number of provenance analyses have been reported from the central and
We@Sreater Caucasus between 36°E and 46°E, including compositions of sandstones,
thej tituent rock fragments, and heavy mineral fractions, as well as analyses of
pﬁgrphs and detrital zircon ages [Vezzoli et al., 2014; Vincent et al., 2014; Vincent

et ﬁw; Vincent et al., 2007]. Most of these data do not bear directly upon the

Pal&e paleogeography of the Greater Caucasus Basin because they have depositional
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ages that significantly postdate the time of inferred maximum basin extent (Figure 6)
and/or are from areas outside the closed relict back-arc basin (i.e., west of 41.5°E, Figure
2). Locations of key provenance analyses discussed below are listed in Table S1 and
stMHH Figures 2 and S1, and include sandstone compositions (Figure S4a), detrital
gra&ositions (Figure S4b) and heavy mineral analyses (Figure S4c) reproduced

. —

frogv_incent et al. [2013].

Oxcept for samples along the northern edge of the Lesser Caucasus, all of the
promce samples east of 41.5°E basin now lie structurally above south-directed thrusts
[e. ks et al., 1997; Philip et al., 1989] that formed during basin closure and
subsequent collision between the Variscan basement of the Greater Caucasus to the north
an(Eominantly Mesozoic-Cenozoic Lesser Caucasus arc to the south. As a result,
the@tions within the basin at the time of deposition are unknown. For the few older
2 samples within this zone, the most diagnostic provenance signatures are the

s (CON spectra and sandstone detrital-grain compositions, particularly the relative
ab@es of plutonic and metamorphic rock fragments, inferred to be sourced from the
Va@ basement of either the Greater Caucasus or the Dzirula massif [Vincent et al.,
2014 \dncent et al., 2013]. In detail, only 13 reported samples east of 41.5°E are old
e#; potentially bear upon the Paleogene paleogeography, with 5 Oligocene (33.9 to
e
ZS.ﬁ and 8 early Miocene (23.0 to 16.0 Ma) aged samples. Of these 13, only 8 have

reported,sandstone point-count results (Figure S4a). Of those 8 samples, 5 show >3%
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plutonic and metamorphic rock fragments (Figure S4b), including detrital zircon sample
WG95/1. However, this sample and 2 others in this age group (CG27/1, WG105/1) are
inferred to have been locally sourced from the Dzirula massif [Vincent et al., 2014;
\/ﬂ'!!ﬂ'l'@t al., 2013]. As noted above (Section 5.3), it appears that during the Paleogene
the@h massif served as a localized source of sediment of apparent north-domain
a:‘f'git_y_vvithin the southern domain. Therefore, the only provenance data potentially
Iin@m northern and southern domains in the key time interval are the compositions
of %I grains in two samples (WG28c/1 Maykopian/Late Chattian; WG27/4,

M jan/Aquitanian-Burdigalian), both of which are from the Chanis River section
altjﬁa southern margin of the Greater Caucasus (Figures 2a, 6, and S4b).

Gased on its structural position within the Caucasus thrust belt, age, and
prce, we interpret the Chanis River section to have been deposited within the
EW the basin, tens to potentially hundreds of kilometers south of the core of the

aucasus, and to cover the period of time during which the basin started to close
ancmprogressively narrowed. As noted by Vincent et al. [2007], the Chanis River
sec@cords onset of sedimentation sourced from the Greater Caucasus in Late
Oli e (Maykopian/Late Chattian) time (e.g., ~25 Ma). The base of the section
cﬁs Late Eocene to Early Oligocene hemipelagic mudstone; sandstone (e.g.,
WCﬂa and WG28c/1) first appears in the Late Oligocene as thinly bedded deposits

from IOf-density (i.e., distal) turbidites [Vincent et al., 2014; Vincent et al., 2007]. The
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lowest sandstone sample in the section, WG28b/3 [sample Al in Vincent et al., 2007] has
< 1% plutonic and metamorphic clasts and thus lacks a strong Greater Caucasus
provenance signature. However, plutonic and metamorphic grains inferred to be sourced
fF'U'I'I'M! Greater Caucasus crystalline core had appeared by the time sample WG28c/1
wa@ﬁi.[ed in Late Chattian (Maykopian) time and continue in Aquitanian-Burdigalian
. —
(M@ian)-aged sample WG27/4 [sample A3 in Vincent et al., 2007]. The Chanis
Ri\@tion also contains populations of detrital apatites with fission-track ages of 34 +
6 %6280/5; A2) and 31 = 3 Ma (WG27/4; A3), south-directed paleocurrent
ind} , and abundant reworked nanofossils that are dominated by Eocene forms near
thegut increasing proportions of Cretaceous forms up section [Vincent et al., 2014;
VirCt al., 2007]. In general, the timing of a provenance shift recorded by any given
seo%ary section depends on the position of the section in the basin [e.g., DeCelles
Es, 1996], but this position is unknown for the Chanis River section. However,
the distal depositional environments and numerous thrusts between the section
ancﬂred sources in the core of the Greater Caucasus [e.g., Adamia et al., 2011; Banks
et 7], we infer that the section was deposited well out in the Greater Caucasus
Basj records long-transport sediments that were sourced from thrust sheets within
tﬂgder Caucasus to the north.

basin closure had started by ~35 Ma, as inferred from the detrital apatite fission

track afs reported by Vincent et al. [2007], then the provenance transition in the Chanis
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River section at ~25 Ma dates from a time when the basin had partially closed.
Specifically, the basin may have been on the order of ~250 km wide at the time of late
Oligocene (~25 Ma) deposition of samples WG28b/3 and WG28c¢/1, assuming an original
V\M~35O km, based on the modern Black Sea and South Caspian basins as analogs,
on@lnsure at ~35 Ma, based on the detrital apatite fission track ages reported by

V.i r@t al. [2007], and a time-averaged closure rate of ~10 mm/yr, based on the
sirr@ of geologic and geodetic rates of convergence between the Lesser and Greater

Ca over the past several million years [Forte et al., 2010; Forte et al., 2013;

Reily et al., 2006].

ﬁlthough sparse, the currently available detrital zircon and provenance data from
sarEast of 41.5°E constrain significant depositional mixing across the Greater
Ca@ Basin to be middle Miocene or younger. Sample SW-GC, with a maximum
agal age of ~27 Ma, is dominated by peaks of south-domain affinity. Likewise,
S G66¢/2, with a Langhian (Chokrakian) depositional age, lies in the middle of
thegutlre zone, and is dominated by Variscan and EEC provenance peaks, consistent
wit@ected deposition south of a growing Greater Caucasus range. Both samples
sug e provenance domains remained largely distinct up to the time of their
o

10N, although they also contain hints of depositional exchange in the form of a

femﬁle-grain peaks of north- or south-domain affinity in SW-GC or WG66c¢/2,

respectifely. In contrast, younger provenance samples WG22/5, Tortonian (Middle
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Sarmatian) and WG15/5, Tortonian-Messinian (Meotian), from south of the suture zone
(Figure S1) contain >3% plutonic and metamorphic grains, and thus appear to attest to

transport of sediments sourced from the Greater Caucasus across the suture zone by the
tﬂ'l't'U'I'G\eir deposition.

O

6. !Tectonic Implications

6.1Qof Subducted Greater Caucasus Basin
Cnhe contrast in provenance across the Greater Caucasus Basin indicates that an
int@wg ocean basin analogous to the eastern Black Sea or South Caspian Basin
sepfirated Mesozoic sandstones studied here at the time of their deposition, preventing
exm of sediments sourced from opposite sides of the basin. Collision of the South
block with the Lesser Caucasus occurred in either the Late Cretaceous
et al., 2011] or Paleocene [Sosson et al., 2010], suggesting the Greater Caucasus
Basin and southern branch(es) of Neotethys were the principal oceanic basins between
the%ﬁam and Eurasian continents after this time. Several factors imply the Greater
Ca basin was likely ~350-400 km wide at its maximum extent in the late Mesozoic
tgmenozoic. Paleomagnetic data from the ATA block indicate the basin was no
mo¥e than 1000 km across in Late Cretaceous time [Meijers et al., 2015]. (A) Both the
easnlack Sea and South Caspian Basin are presently ~350 km wide perpendicular to

t@ of the Greater Caucasus. Both were larger prior to Cenozoic shortening on
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thrusts along the northeastern margin of the Black Sea [Munteanu et al., 2011; Nikishin et
al., 2010; Robinson et al., 1996] or via both northward subduction of the South Caspian
beneath the Apsheron Sill [Allen et al., 2002; Jackson et al., 2002; Mangino and
F’Hﬁ!ﬂ!’, 1998; Priestley et al., 1994] and south-directed underthrusting beneath the
All&allato et al., 2015]. (B) Large modern turbidite systems are known to travel up
= —
to ﬂkm [Elmore et al., 1979; Piper and Aksu, 1987; Talling et al., 2007; Wynn et al.,
20@gesting the basin was of similar scale to preclude depositional exchange. (C)
Fin%ocene magmatic rocks of the Pontide-Lesser Caucasus arc are deflected
nor, d by up to 300 km between 41.5° and 48.5°E relative to their positions to the
wesﬁeast (Figure 7) defining an orocline [Bazhenov and Burtman, 2002; Meijers et
aI.,Ein press]. New and compiled paleomagnetic data suggest that most of this
curm developed after the Paleocene, although 40°+ 25° of bending appears to predate
t e Cretaceous [Meijers et al., 2016 in press]. In detail, Meijers et al. [2016 in press]
trike tests on the Lesser Caucasus orocline using a mixture of new
mewments and previously reported data from the International Association of
Ge@wetism and Aeronomy Global Paleomagnetic Database (GPMDB) to explore the
tim| orocline formation. Based on these data, they conclude progressive orocline
f#;n with some pre-existing curvature (40 = 25%) developed prior to the Late
Cr s, additional (~10%) bending after the Paleocene but before the Middle Eocene,

and a 4?1 13% of final rotation after the Eocene (and most likely before Late Miocene).
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However, as the authors note, the strike tests for the Late Cretaceous-Paleocene and
Eocene data are indistinguishable at 95% uncertainty. Thus, the inferred Paleocene-
Eocene phase of bending could actually be post-Eocene (i.e., ~60% of the total bending).
T’H!E,'Wﬁhin uncertainty these data permit as much as 75% of the oroclinal bending to be
po@ane. Importantly, the results of the strike tests are also highly sensitive to the

= —

assmregional strike for the individual measurement sites, which is not well
de@ed. In summary, the uncertainty in the existing paleomagnetic data both permit a
widg gmge of interpretations of the timing of oroclinal bending and highlight the need for
addifignal data, although the rocks necessary to further clarify the history of orocline
fom may simply not exist, as discussed by Meijers et al. [2016 in press].

Gur reconstruction (Figure 8) schematically accounts for some pre-Eocene
onﬁ@ bending, but attributes most to deformation associated with closure of the
Eaucasus basin following Eocene collision of Arabia with the Bitlis-Potlrge

M= closure of the Bitlis-Zagros suture. This model requires major structural
sysgems on the margins of the orocline to accommodate northward migration of the
Le@aucasus and Talysh relative to the Black and Caspian Seas. In general, such
migalign can be accommodated by either strike-slip transfer faults, in the case of a non-
rﬁ orocline, or thrusts, in the case of a rotational bend [e.g., Cowgill, 2010 and
ref s therein]. Combinations of such systems are also possible. The West Caspian

fault [Allen et al., 2003] may play such a role on the east flank of the orocline. The
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geometry of the Bitlis-Zagros suture reflects the integrated effects of post-collisional
deformation north of the suture but does not preclude significant along-strike variability
in the mechanisms by which this northward motion of Arabia relative to Eurasia was
abdmﬂ'éﬂ. Such convergence has been absorbed by westward extrusion of Anatolia west
of .g., McKenzie, 1972], closure of the Greater Caucasus Basin and shortening
v;itgin__the EAAC in the central third of the collision, and shortening (z strike-slip
fau@in the Zagros [Talebian and Jackson, 2002], Alborz [Axen et al., 2001; Ballato
et awll; Ballato et al., 2013; Guest et al., 2006], and Apsheron Sill [e.g., Allen et al.,
20 t of ~48°E. We speculate that the Black and South Caspian relict basins are still
pr;senﬁ the western and eastern thirds of the collision because both regions are bound
to Gth by subduction zones in Cyprus and the Makran, which have allowed for
Iattrusion of intervening crust.

enozoic closure of a 350-400 km wide basin falls well within the known amount

llisional plate convergence. Between 35 and 5 Ma, total convergence between

Argbia and Eurasia was ~800 km (Figure 1b) [Hatzfeld and Molnar, 2010; McQuarrie et
al., , the orogen-perpendicular component of which would have been less than this
am ut still in excess of 400 km. Some previous paleomagnetic studies from the
r@ﬁ;icate that the Lesser Caucasus have moved north by as much as 10° of latitude
> m) since Eocene time [e.g., Bazhenov and Burtman, 1989; Bazhenov and

Burtmai 2002], although paleomagnetic data from the region are complex, of variable
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quality, with evidence of inclination shallowing or insufficient averaging of secular
variation in some cases [Meijers et al., 2016 in press]. Thus, the timing and magnitude of
such a translation remain to be firmly established. If confirmed, however, this

ir‘rdl'p'f'éﬁtion of the paleomagnetic data is consistent with a basin hundreds of kilometers

Wi

!-_Closure of the basin appears to have been accommodated by northward
su@n of basin crust beneath the Greater Caucasus. Subduction beneath the Greater
Ca has been argued for some time based on seismicity [Khain and Lobkovskiy,

1994 Khalilov et al., 1987]. Mellors et al. [2012] documented subcrustal (depth > 50
kmﬁvquakes beneath the range with a maximum depth of 158 + 4km, and Skolbeltsyn
et 514] identified a high-velocity shear wave anomaly extending to a depth of ~250
krrm same region. Mumladze et al. [2015] used hypocenter locations from regional
Eo identify an inferred Wadati-Benioff zone east of 45°E beneath the central and
reater Caucasus. This zone of seismicity dips ~40° to a maximum resolved
deggh of ~158 km, implying a slab length of 130 — 280 km [Mumladze et al., 2015 and
sup@nt], suggesting subduction of at least this length of crust. The down-dip extent
of sgigmaicity is only a minimum constraint on the amount of subduction, because the slab
cﬁﬁnue to greater depths but be too warm to support brittle failure [Molnar et al.,

197Bwe observed down-dip length of seismicity is consistent with that expected for

subducff n of ~180 Myr old lithosphere at a rate of ~10 mm/yr [Molnar et al., 1979]. The
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absence of subcrustal seismicity west of 45°E suggests the slab has detached here, and a
possible tear in the slab to the east of 45°E suggests such detachment may be propagating

eastward [Mumladze et al., 2015]. Thus, subducted slabs provide only ephemeral

eﬂ.l'é'l'l'l,'g of basin closure.

6,2 1wo Stage Collisional History

5-When integrated with recent thermochronologic data and prior work in the
oro&n}ne detrital zircon data presented here indicate the Arabia-Eurasia collision
ocWin two stages (Figure 8), similar to a recent proposal for the India-Eurasia
coI@[van Hinsbergen et al., 2012]. A two-stage collision was also inferred by

BaEt al. [2011] and has significant implications regarding the mechanical behavior

of t gen.

?q? the first phase (soft collision), Arabia collided with the southern margin of the
East olia Accretionary Complex (Figure 2) and closed the Bitlis-Zagros suture, at
which point shortening rates in the Bitlis-Zagros suture zone decreased as the locus of
coriu-gence jumped to the northern margin of the Greater Caucasus Basin, which started
to @y north-directed subduction of the basin crust (Figure 8). The distance between
t@-Zagros suture and the new shortening zone was likely at least ~1000 km, based
omsesssdmbination of the inferred basin width (~350-400 km) and the present distance
betweengkhe Bitlis-Zagros and Greater Caucasus suture zones (~700 km); accounting for

p@isional shortening within the Lesser Caucasus and East Anatolian Plateau adds to
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this distance. Shortening of the Greater Caucasus basin led to the initiation of
deformation and exhumation of thrust sheets in the Greater Caucasus starting in late
Eocene to early Oligocene time at rates of a few °C/Ma, as indicated by consistent
tH'G"H'I'U'C*lronologic data from transects north of the inferred suture zone in the western,
cer@nd eastern Greater Caucasus [Avdeev, 2011; Avdeev and Niemi, 2011; Vincent et
. —

aI.,gO&]. The first-order shape of the Ab-Eu orogenic belt appears to result from closure
of @sin: between 41° and 48°E, subduction of the Greater Caucasus relict basin
aIIWrabia to indent northward, contributing to the deflection of the Pontide-Lesser
Ca arc (Figure 2b), via oroclinal bending (Figure 7). To the west, convergence was
absg by west-directed lateral extrusion of Anatolia on the conjugate North and East
AnE faults [McKenzie, 1972], whereas to the East in Iran, oblique convergence was
pa@d into dextral slip on the Main Recent Fault [Talebian and Jackson, 2002] and

s@g in the Zagros [e.g., Agard et al., 2005; Berberian, 1995], with additional

S M in the Alborz [Axen et al., 2001; Ballato et al., 2015; Guest et al., 2006], and
posﬂbl_ythe Apsheron sill [Allen et al., 2002] (Figure 2b).

he second phase of hard collision started when the Greater Caucasus relict
backarc basin finally closed, leading to collision between its northern and southern
rgm late Miocene or early Pliocene time, when exhumation rates increased by as

muﬁ factor of ten in the central and eastern Greater Caucasus (Figure 8) [Avdeev,

2011; eev and Niemi, 2011]. The timing and significance of this transition are
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consistent with a regional tectonic reorganization of the Arabia-Eurasia collision zone at

~5 Ma [Allen et al., 2004; McQuarrie et al., 2003; Westaway, 1994]. Data presented here

and elsewhere [Avdeev, 2011; Forte, 2012] indicate that this collision was between the

am*nent of the Lesser Caucasus to the south and Variscan basement along the

sm@edge of the Scythian platform of Eurasia to the north, and resulted in

= —

incgrporation of Lesser Caucasus basement into thrust sheets in the southern Greater

Ca@. The Pliocene increase in exhumation rate has not been reported from the

normtern Greater Caucasus [Vincent et al., 2011], probably because the apatite

fissigaatrack methodology employed by Vincent et al. [2011] was not sensitive to the rate

change recorded by the lower-temperature (U-Th)/He methodology used by Avdeev and

NiG)ll]. This apparent discrepancy may also stem from the differences in the

str% and geomorphic settings between the two studies. Most of the samples

i ated by Vincent et al. [2011] are from the low relief southern flank of the range.
itudes and rates of exhumation are expected to be slow in this area, assuming

thaﬂgraphy and long term uplift rate are correlated, which appears to be the case in

the@er Caucasus [Forte et al., 2016]. Where Vincent et al. [2011] sample high relief

aﬁparable to those studied by Avdeev and Niemi [2011], the AFT ages are

simi young (e.g., an AFT age of 2.5 £ 0.6 Ma from north of the MCT).

-._%'nce the onset of collision, deformation has propagated southwards into the

forelangoasin. For example, between 47°E and 48°E, the deformation front propagated
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into the foreland basin at ~2 - 1.5 Ma [Forte et al., 2013], focusing shortening within the
Kura fold-thrust belt [Forte et al., 2010]. Since formation, this foreland thrust-belt has
absorbed almost all convergence between the Lesser and Greater Caucasus (80-100%)
aH'd'I'I'I'US! (~60%) of the orogen-perpendicular shortening between Arabia and Eurasia.
Th@asts with prior work, which inferred that most present-day shortening in the

- —

Cagcasus region is localized on thrust systems at the southern topographic front of the

Gr@aucasus [e.g. Allen et al., 2004; Philip et al., 1989; Reilinger et al., 2006].

G.Wications for Balancing Shortening Deficits

jelict basin closure has likely occurred relatively frequently throughout Earth
hisE/lost of the modern Pacific basin is fringed with back-arc basins attesting to the
co occurrence of such features during protracted subduction and terrane accretion
wimng-lived ocean basins and prior to their closure. Even in the absence of back arc
basi e margins of colliding continents are typically irregular [e.g., Dewey, 1977;
Dewey and Burke, 1974], leading to the formation of remnant ocean basins during
coILian-[Graham et al., 1975; Ingersoll et al., 1995] such as the Bay of Bengal. Thus,
relin closure is likely common during the transition from subduction to soft
c£nental collision to, ultimately, hard continental collision .
wfemille|ict basin closure such as that described here for the Greater Caucasus has

significght implications regarding the mechanics of collisional orogens and the dynamics

o%motions. One implication is that relict-basin closure can accommodate significant
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plate convergence with minimal upper-crustal shortening because convergence is
absorbed as subduction and/or underthrusting. In subduction zones, total plate
convergence typically exceeds the amount of crustal shortening by a large fraction.
H'U‘VEV@!, closure of a large ocean basin typically leaves other signatures in the geologic
recmnh as accretionary complexes, blueschist-facies metamorphic belts, magmatic
= —
arcﬂuxtaposition of rocks from dispersed paleolatitudes or faunal zones. In contrast,
su@n of relatively small (250-500 km wide) ocean basins is likely to be hard to
detmcause it primarily occurs as shortening along structural systems that are easily
hid ithin flysch or slate belts, e.g. the large deposits of flysch within the Greater
Caucasus. The age and nature of the back-arc basin crust may play an important role in
theGgic record of basin closure, with subduction of old/cold oceanic lithosphere
per@geing more obscure than that of young/warm or transitional lithosphere, the

cy of which should result in greater accretion and upper-plate deformation relative
t d oceanic lithosphere. The obscurity of such shortening is compounded in
coIﬂal orogens with protracted histories of post-collisional convergence, in which
yon@deformation obscures or overprints early strain. Within ancient orogens, closed
reli ins may be expressed as flysch or slate belts, and the Greater Caucasus may
e

modern analog for the development of such tectonic domains. Thus, an

im;ﬁon of the present study is that accretion of such slate belts may have

<C
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accommodated hundreds of kilometers of shortening via subduction of their underlying
oceanic basement.

Although relict-basin closure may help reconcile deficits of upper-crustal
sﬁd'fé'l'l'lﬂg relative to post-collisional convergence, it should be noted that there is no a
pri&nn to expect such balance. As Figure 9 shows, there is no unique relationship
b.etg?_nupper crustal shortening (S), plate convergence (C), and length of subducted slab
(L)@S <L,S=LandS>L all possible. To explain, we first differentiate two basic
typwpper crustal shortening. In accretionary shortening (Sa), material is transferred
int rogen from either plate during subduction, and slip on the thrust or shear zone
un;ﬁ;l;g each accreted sheet feeds into displacement of the subducted slab relative to
theg plate (Figure 9). The structural link is via the basal decollement beneath the
oro€eUither along the subduction thrust or a linked backthrust, in the case of a
E [Willett et al., 1993] or floating orogen [Oldow et al., 1990]. In thickening
S mQ (St), there is no such subduction, so that upper-crustal shortening is matched
by ﬂesponding thickening of the underlying crust and mantle lithosphere beneath the

oro@figure 9). Simple volume balancing and the above definitions lead to three end-

rr;gnechanisms that can accommodate post-collisional plate convergence within a
collisional orogen (Figure 9). The first (Figure 9a) is subduction with neither accretion
(S e or upper-plate shortening (St = 0). In this case, upper crustal shortening is zero

(S= Oi Td the length of the subducted slab, barring removal or detachment of any
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portion of the slab, equals the magnitude of plate convergence (L = C). A second end
member is accretionary shortening, in which all convergence is accompanied by accretion
during subduction (Figure 9b). In this case, S = Sp = L = C. A third possibility is “pure-
sH'*!'EHortening of the orogen [e.g., Allmendinger and Gubbels, 1996], where the upper
cru@.nens from convergence and crustal thickening without associated subduction. In
= —
thigcase, S = St = C, and there is no slab or accretion, so L = Sa = 0 (Figure 9c).
Att@ to balance crustal shortening with plate convergence implicitly assume either
themd or third end-member scenarios, or some combination of the two.
he most general scenario is one where all three processes operate either

simgeously or at different times during collision. In this most general, and we argue
reaEcase, there is no unique relationship between S and L. For example, S< L is
ex! -u& for an orogen with subduction but minimal accretion. Likewise, an orogen with

al subduction but significant post-collisional lithospheric thickening can have S >
L pected case of balanced shortening and convergence (S = C) occurs only when

theﬁ is either no subduction (L = 0), or when all subduction is recorded by accretion (Sa

= s,S<L,S>L,and S =L are all possible, depending on the relative

Cf&ions of the different end-members.
the Greater Caucasus, restoration of the preliminary cross section in Figure 4

froﬁwestern end of the range yields a minimum estimate of upper-crustal shortening

of ~13Q.km, although ongoing work indicates that estimate is too low [e.g., Trexler et al.,
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2015] . At the eastern end of the range, the observed length of subducted slab is 130 to
280 km [Mumladze et al., 2015], although the true length could be larger if the slab is too
warm to support brittle failure at depth [e.g., Molnar et al., 1979]. In the context of
FW%', these numbers could indicate convergence within the Greater Caucasus of at
Iea@.lﬂ'n, in the case where L > 130 km reflects subduction without accretion (Figure
9-a)S<I:T_mbined with pure-shear shortening to produce S ~130 km (Figure 9c).

AligtnaWvely, convergence could be only ~130 km, in the case of complete accretion &

up;ww shortening to produce S = L ~130 km.

6.4mlications for Deceleration of Plate Motion

C also appears that relict-basin closure can delay deceleration of plate motion.
Collisigas change the balance of forces acting on a subducting plate sufficiently to slow
plamions [Dewey et al., 1989; Molnar and Lyon-Caen, 1988; Patriat and Achache,
198 the Indo-Asian collision, which serves as the type example of this process, there
has been a significant (40%) deceleration in the rate of plate convergence since the onset
of tiaayllision [e.g., Copley et al., 2010; Molnar and Stock, 2009], although the
mem underlying this change remains disputed. One idea is that an increase of
grafitational potential energy due to crustal thickening and formation of an orogenic
phefessndbsists plate convergence and slows subduction [Austermann and laffaldano,

2013'; Cipley et al., 2010; Flesch et al., 2001; Molnar and Lyon-Caen, 1988; Molnar and

8@09]. Another possibility is that convergence slowed due to a reduction in the
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slab-pull force following slab breakoff [Capitanio and Replumaz, 2013] or an increase in
buoyancy of the subducting slab due to subduction of continental lithosphere along the
leading edge of the incoming continent [Capitanio et al., 2010]. More recently, it has
bwaposed that post-collisional convergence rates slow exponentially because of
cor@@cous resistance to plate motion by the upper-plate continental mantle
lithgsphere [Clark, 2012].

O contrast to Tibet, the Ab-Eu collision appears to show a significant delay in the
onsetf)both deceleration of plate motion [Austermann and laffaldano, 2013] and
Wi d upper plate deformation and sedimentation [Ballato et al., 2011].
Ded(;;on and onset of widespread deformation post-date by ~30 to 15 Myr the onset
of mn between Arabia and the southern margin of Eurasia along the Bitlis-Zagros
sutmlate Eocene to early Oligocene time [Agard et al., 2005; Allen and Armstrong,
Elato et al., 2011; Boulton and Robertson, 2007; Hempton, 1985; 1987; Rolland

mi@) 2: Yilmaz, 1993]. Closure of an old, cold relict back-arc basin explains this
magked difference in the mechanical behavior of the two orogens. In particular, we argue
tha@orthward motion of Arabia was not significantly impeded at the onset of Eocene
toe ligocene collision because deformation was able to jump ~1000 km northward
iﬁﬂﬁnerior of the overriding plate and continue at the same pace by consumption of

theﬁ basin. Closure of the relict basin led to basement collision between the Greater

and Leipr Caucasus and incorporation of the Lesser Caucasus basement into the Greater
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Caucasus orogenic wedge. Most significantly, this transition from soft to hard collision
changed the force balance sufficiently to trigger structural reorganization of the Ab-Eu
collision zone as a whole. A tectonic reorganization at ~5 Ma has been recognized across
rr‘I'*l'I'U'I‘the collision zone [Allen et al., 2004; McQuarrie et al., 2003; Westaway, 1994].
We@me much of this reorganization to ~5 Ma collision between the Greater and

= —

Legger Caucasus basements at the end of relict-basin closure, when the basement of the
Le@aucasus began underthrusting that of the Greater Caucasus.

Ujlthough the Greater Caucasus provide an example of relict basin closure in the
up te, closure of a relict basin in the lower plate is equally capable of
accommodating post-collisional convergence with minimal crustal shortening. For
exaG van Hinsbergen et al. [2012] propose a two-stage model of the Indo-Asian
colm in which post-collisional convergence was first absorbed by subduction of the
I oceanic Greater India Basin during soft collision. Cenozoic closure of this

s extensional basin eventually resulted in collision of the Indian crust with the
TeﬁﬂHimalaya and Eurasia to the north, leading to the onset of hard collision at ~25-
20 rom this we infer that the physical and rheological properties of the colliding
Ii:gre likely play a fundamental role in modulating post-collisional plate

convergence rates, with lithosphere that is young and warm (e.g., Greater India Basin)

proﬁg more resistance during early collision than when it is old and cold (Greater

<C
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Caucasus Basin), subduction of which allows convergence to continue apace until the

relict basin has been consumed.

7=dm==d -l usions

QE Greater Caucasus is characterized by distinct northern and southern
- —
prohwce domains between 41.5° and 48°E, as indicated by new detrital zircon
an@of 8 samples (4 sandstone, 4 modern) integrated with prior provenance results.
ThWern domain, within the central and northern Greater Caucasus, is characterized
by 3I zircon age spectra with broad distributions of Mesozoic to Precambrian grains
and nic and metamorphic rock fragments that together characterize the Variscan
basﬁ along the southern margin of the Scythian Platform and East European Craton.
Thmmrn domain, within the southern margin of the Greater Caucasus and the Lesser
Ca Mountains, is defined by age spectra in Mesozoic to early Cenozoic strata
consisting almost exclusively of Mesozoic grains, with little to no contribution from the
oloﬁv_ariscan or East European Craton sources, except for samples proximal to the
Dzhrami, or Loki Massifs, a set of Variscan basement blocks of north-domain
at/ithin the southern domain.
_'_'ihe general lack of age overlap between the northern and southern provenance

dormimplies that during late Mesozoic to early Cenozoic time, the Greater Caucasus

&&s wide enough to largely prevent depositional exchange between them. Both the
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widths of the analogous Black Sea and South Caspian Basin, and runout distances of
modern turbidite systems suggests the basin could have been on the order of ~350 to 400
km wide.

He follow previous workers [e.g., Zonenshain and Le Pichon, 1986] in
cor@gthat the Greater Caucasus formed by closure of a relict Mesozoic back-arc

= —

ocqan basin. In Late Cretaceous to Paleocene time this basin was contiguous with the
Bla@d Caspian Seas, and likely of similar width. Evidence of depositional exchange
betmthe northern and southern areas in younger deposits (WG22/5 and WG15/5)

su the width of the Greater Caucasus Basin had been significantly reduced by
mﬁ late Miocene time.

Gdiment provenance data [Vincent et al., 2014; Vincent et al., 2013; Vincent et
aI.,@ﬁ] and thermochronologic data [Avdeev, 2011; Avdeev and Niemi, 2011; Kral and
20\/, 1996; Vincent et al., 2011] together indicate shortening and exhumation in the

aucasus started by ~35 Ma, which we infer to result from soft collision between
ArWd the Bitlis-Potirge massif triggering initiation of subduction in the Greater
Ca Basin at this time. The locus of Ab-Eu convergence jumped northward at ~35
ﬂas absorbed between 41.5° and 48°E by subduction of the Greater Caucasus

|

other similar basins to the south in eastern Anatolia. Eventual collision of the

Leﬁaucasus with the Variscan margin of Scythia at ~5Ma led to hard collision,

<C
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kinematic reorganization within the collision zone, and a post 5 Ma deceleration in plate
convergence rate.

Relict basin closure can significantly delay the deceleration in rates of plate
rr‘I'd'I'U'l'I'Eecause it delays the onset of hard collision. Thus, closure of the Greater
CaQ.Basin provides an alternative explanation for the significant delay in Ab-Eu
= —
conyergence rates following initial collision. Likewise, relict-basin closure provides a
me@m for reconciling deficits of upper crustal shortening relative to post-collisional
plawvergence. Basin closure by subduction with minimal to no upper-plate
sh 09, provides an effective mechanism for hiding shortening within collisional
orogens. Thus, upper plate shortening need not directly correspond to the amount of post-
coIE&I plate convergence.

CUutstanding problems include constraining the Late Cretaceous to Paleocene
eography of the Greater Caucasus Basin and how the Pontide-Lesser Caucasus
ontinues eastward into Iran. Likewise, an updated plate circuit with both better

coritraints on Red Sea rifting and finer temporal resolution is essential for resolving the

ma@es, rates, and history of relative motions between the Arabian and Eurasian

Aut
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Fiflures

Figure 1:
) Comparison of crustal - shortening deficits in the Arabia - Eurasia and India -

Euﬁollisions within the Alpine-Himalaya belt [modified from van Hinsbergen et al.,

201Z]. Total bar height indicates amount of post-collisional plate convergence expected
a wer-plate reference points (locations approximated by stars). Green and blue bars
58
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show amount of observed upper- and lower-plate crustal shortening, respectively. Red
bars indicate apparent shortening deficits. Values for India - Eurasian collision are from
van Hinsbergen et al. [2012]; convergence and shortening-deficit information for Arabia
-E‘ﬂ!l'gcollision are from Hatzfeld and Molnar [2010] and McQuarrie and van
Hir@en [2013]. White dots indicate detrital zircon samples of modern rivers draining
- —
Eaﬂopean Craton reported by Wang et al. [2011]. Base image is the World Imagery
Ba@ Layer from ESRI. (b) Plot showing distance Arabian reference point P1 (Figure
2b)<rfjled relative to Eurasia over time [after Hatzfeld and Molnar, 2010]. Numbers
ab lge segments give incremental convergence rates (in mm/y). Gray box spans range
of current estimates for age of onset of Ab-Eu collision; lower-left and upper-right
cor sndicate the maximum (~900 km) and minimum (~700 km) magnitudes of post-
colfsgil Ab-Eu convergence, respectively. Arrows indicate the > 200 km difference
row) between magnitude of post-collisional convergence (700 to 900 km, gray
estimated upper-plate shortening (~500 km, blue arrow) reported by McQuarrie
an(ﬂHinsbergen [, 2013]. (c) Plot of Ab-Eu convergence rate over time for reference
poiO(Figure 2b) [after Austermann and laffaldano, 2013]. Red lines with dashed
confi e bounds are computed from a plate circuit, the point with error bars is
dﬂﬁzd from GPS geodesy. Note the ~30% decrease in Ab-Eu convergence rate over

the Ma. Rates at ~5Ma differ between the two panels (i.e., 20 mm/yr in B and 30

mm/yr if C) because they were computed using different stages (and thus average over
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different time intervals), reference points, and rotation poles [e.g., see details in

Austermann and laffaldano, 2013; McQuarrie et al., 2003].

Figure 2:

-'_') Simplified tectonic map of Greater and Lesser Caucasus, showing locations of
mawctures and new U-Pb detrital zircon samples (diamonds: bedrock sandstone;
stahedern river sediment, with catchments delineated by black lines edged in white).
Do@ote locations of previously reported detrital zircon [white fill, Allen et al., 2006;
Virgt)t al., 2013] and provenance analyses [gray fill, Vincent et al., 2014; Vincent et
aI.,E Vincent et al., 2007] discussed in text; see Figure 6 for additional sample
nu Fault geometries are simplified on northern margin of central Greater Caucasus
and shown as north-directed thrusts; true geometries are south-directed backthrusts above
a trgrd zone at the leading edge of a generally north-directed thrust system [e.g.,
S@, 1994; Sobornov, 1996]. MCT: Main Caucasus Thrust. Basement massifs: DM
— Dzirula, KM — Khrami, LM — Loki, and DkM — Dzarkuniatz. Boxes indicate locations
of &mections in Figures 2c and 4. (b) Map of Arabia-Eurasia collision zone; black
Iin@cate major structural systems; red arrows show motion of Arabia relative to
Eugsia Trom the 2010 GEODVEL model, with numbers indicating rates in mm/yr [Argus
el 0]; red dots are reference points for plots of plate convergence (P1) and rate

(P2) ovey time (see Figure 1); white dots are published detrital zircon samples from

(wocene sandstone [Vincent et al., 2013]; dashed yellow lines indicate Bitlis and
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Izmir-Ankara-Erzincan-Sevan-Akera (IAESA) sutures [Rolland et al., 2012] bounding
the ATA (Anatolide-Tauride-Armenian) block, which contains the South Armenian
Block and is bound to the south by the East Anatolian Accretionary Complex (EAAC).
Wdﬁvoest Caspian Fault [Allen et al., 2003]. (c) North-dipping zone of earthquakes
ext@.ﬁo ~160 km beneath the Greater Caucasus indicates subducted basement of the

religt ocean basin. Panels a-b after Forte et al. [2014]; Panel ¢ after Mumladze et al.

“©)
Fiw:

Fie@tographs showing units and structural relations at locations indicated in Figure
S1. liated Variscan basement gneiss intruded by foliation-parallel mafic dikes of
inferred Middle Jurassic age in the hanging wall of the Main Caucasus Thrust. Unit ages
from/l‘(ina and Ermakov [1989]. (b) Flyschoid sedimentary rocks south of the Main
(ﬁ Thrust reported to be either Early-Middle Jurassic [Kandelaki and Kakhazdze,
1957] or Early Cretaceous (Hauterivian) [Gudjabidze, 2003] in age. (c) Volcaniclastic
corﬂemerate and breccia of Late Jurassic (Kimmeridgian) age [Melnikov and Popova,
19@&he southwestern part of the Greater Caucasus thrust belt. (d) Pillow basalts of
Eaﬂ\/liddle Jurassic age [Melnikov and Popova, 1975] within the thrust belt. (e)
Wedlaiadlded, coarse-grained siliciclastic deposits of Late Cretaceous to Eocene age

[Kandel§ki and Kakhazdze, 1957] hosting olistostromes containing blocks of probable

%us-aged carbonate.
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Figure 4:

Preliminary line-length balanced regional cross section across the western Greater
Caucasus at ~42°E at location shown in Figure 2a. Section was constructed from the
sU'F'HEE'geology as reported on 1:200,000-scale Soviet geologic map sheets K38-XIII
[Dmi.d.ze and Kandelaki, 1957], K38-VIII [Melnikov and Popova, 1975], K38-VII
[-G@Iidze and Kakhazdze, 1959], K38-11 [Kizevalter, 1959], K38-I [Potapenko,
19@7-XVIII [Kandelaki, 1957], and K37-XII [Zdilashavili, 1957]. Moho depth
from [2008]. Total shortening of ~130 km is determined by line-length balancing the
ba -cover contact between the pink and purple units. The retro-deformable nature
ofiﬁoss section makes it a step forward in quantifying shortening estimates in the
Grgaucasus over previous sections [e.g., Dotduyev, 1986]. However, ongoing

ge@mapping in the vicinity of the surface trace of this cross section indicates that

i‘ginement of this shortening estimate is expected [e.g., Trexler et al., 2015].

Figure 5:

Deha.l.iircon U-Pb ages from the Caucasus region and an analysis of their provenance
imns. Bold sample names indicate results from the present study, those in gray are
pulffisned analyses of 5 Oligo-Pliocene sandstones [Vincent et al., 2013], modern
saaliaaaal from the Dnieper, Don, and Volga rivers [Wang et al., 2011], and 1 Jurassic
(Ba@) sandstone [Allen et al., 2006]. See Figures 1a and 2a for sample locations.

I\waration of samples into distinct northern (Variscan and East European Craton)
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and southern (Lesser Caucasus and Achara-Trialet) provenance domains. All southern
samples show minimal evidence of contribution from the northern source (i.e., SE-GC,
SW-GC and Tovuz River), except for Miocene sandstone samples (WG95/1 and
wdmu&), which are inferred here to have been deposited out in the Greater Caucasus
Ba@ﬁit started to close. Modern sediments from rivers draining the Greater
. —
Cagcasus (Inguri, Kumuk, Kura) reflect mixing of northern and southern sources,
ind@ their catchments span both domains. Modern sediments from Russian rivers
dramthe East European Craton show provenance patterns that are largely distinct
fro Caucasus samples, as noted previously [Allen et al., 2006; Vincent et al., 2013].
(a)gpectra shown as PDP and KDE curves [Vermeesch, 2012]; see panel b for
IegEamples are grouped and colored according to source areas determined in panel
D mnalysis of likeness (L) values [Satkoski et al., 2013]. Red boxes indicate reported
Ional ages, vertical colored bars indicate age spans inferred to be diagnostic of
source areas, with blue and green bars denoting the northern (Variscan) and
soyghern (Lesser Caucasus) source areas, respectively. (b) Legend explaining symbols
use@anel a. (c) Plot showing maximum possible likeness value (L) as a function of
sa jze n (number of U-Pb ages in the detrital zircon sample), determined by
S INg with replacement from a 4000-grain detrital zircon age dataset [Pullen et al.,
ZOﬂ)te that L increases with increasing n, but rate of increase decreases with n >

300. (d)forrelation matrix of normalized likeness values (L) for all samples. Four groups
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of samples can be defined on the basis of the L-value correlation: East European Craton,
Variscan, Mixed (East European Craton + Variscan), and Lesser Caucasus (see text for

discussion).

=

Fi

S_agr%ations with respect to detrital zircon provenance domains and inferred buried
sut&aﬂne (geometry approximate). The location of the suture is too poorly known to
sh@s a discrete line, although current data indicate it is buried somewhere within the
inc{:’e} zone. Additional field investigation is required to refine the location and
sur@expression of the buried suture, and determine how the basin geometry evolved
oveysbme. Colors for Variscan, Lesser Caucasus, and Achara-Trialet provenance domains
correspaond to those used in Figure 2a. Regions concealed by younger synorogenic and
Pligﬂernary sediments shown in light gray. Diamonds and stars indicate detrital
z@ples of bedrock sandstone and modern river sediment, respectively; black lines
with white edges delineate catchments above modern river samples. White dots indicate
prekﬁuﬁly reported detrital zircon analyses of Oligo-Miocene [Vincent et al., 2013] and
JuBajocian) [Allen et al., 2006] sandstone. Gray dots show locations of other
pulffisned provenance data discussed in text, including 3 samples at the Chanis River
saaphafl\'G28b/3, WG28¢/5, WG28c/1, and WG27/4) [Vincent et al., 2014; Vincent et

al., 2013 Vincent et al., 2007]. Schematic cross sections indicate that basin was wide

dwtest Cretaceous to Paleocene time, but narrow both during Jurassic opening and
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late Miocene closure (ATA: Anatolide-Tauride-Armenian block; B-P: Bitlis-Pétirge;

EAAC: East Anatolian Accretionary Complex).

Figure 7:

Ma ocene magmatic rocks in Asia Minor showing a salient in the Lesser Caucasus
a_n% relative to the Pontides and Alborz to the west and east, respectively. Thick
greh-detted line indicates a rough estimate of the current (deformed) geometry, which
ap@o be deflected to the northeast by as much as 300 km relative to an assumed
ori@eometry (thin green dotted line), prior to closure of the Greater Caucasus Basin
[moaitigd from Allen and Armstrong, 2008]. Heavy black line shows position of Bitlis-
Zatjture at present only. During Eocene this suture was well south of the position
shown here at a location not restored in the figure. Because only Eocene rocks are shown,
anygﬁ ng that occurred to produce the pattern shown here must postdate any earlier
phaseE oroclinal bending implied by paleomagnetic data [e.g., Meijers et al., 2016 in
press]. The significance of the apparent eastward decrease in deflection magnitude in the
Talkh.ii unclear. The original geometry of the belt is not well known and it may be that
thereen dotted line should be farther south at ~48°E. Alternatively, the Greater
CayCasus basin may have narrowed eastwards. The reconstruction here is not precluded

byajeasalle magmatic rocks south of the dotted line that are due to other Neotethyan

arcs/basiws south of the Lesser Caucasus-Talysh system.

<
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Figure 8:
Mesozoic-present tectonic evolution of the central Arabia-Eurasia collision zone shown
schematically in map (top) and cross-section (bottom) views (T’s on late Miocene map
ir‘fdm‘approximate location of section). Middle Jurassic: backarc rifting of the Pontide-
Le@upasus arc opens the Black Sea, Caucasus, and South Caspian basins. Light
= —
grﬂr represents extended continental crust and/or transitional oceanic crust.
Pa@e: The IAESA (Sevan) suture had either already closed in the latest Cretaceous
(~7eﬁ\/la) [Rolland et al., 2009; Rolland et al., 2012] or did so in Paleocene time
[So t al., 2010] via collision of the Lesser Caucasus arc and Anatolide-Tauride-
Armenian. Eocene-Oligocene: closure of the Bitlis suture results in soft collision between
ArEd the Bitlis-Pétirge massif, causing the locus of convergence to jump
no@d, initiating subduction of the Caucasus relict back-arc basin. Oligo-Miocene:
ate convergence accommodated by subduction of the Greater Caucasus Basin
he Greater Caucasus and growth of East Anatolian Accretionary Complex, with
mimreduction in plate convergence rate. Mio-Pliocene: collision of the Lesser
Ca@ arc with the Eurasian basement to the north at ~5 Ma leads to hard collision and
acc d uplift/exhumation of the Greater Caucasus Mountains. Geometries of ridges
(Mﬁ:es) and transforms (single lines) in backarc basin are completely conjectural
(blasdsmmgmactive rifting, grey = relict). Black Sea geometry simplified by omission of

Shatsky Ridge. Arrowed semi-circles indicate inferred vertical-axis rotation and oroclinal
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bending of Pontide-Lesser Caucasus Arc. Barbed lines indicate subduction (solid) or
sutures (hollow), barbs on upper plate. ATA: Anatolide-Tauride-Armenian block; B-P:
Bitlis-Potirge; BKF: Borjomi-Kazbegi fault; EAAC: East Anatolian Accretionary
CU'"I'D'I'EQ; EAF: East Anatolian fault; GC: Greater Caucasus; LC: Lesser Caucasus; MRF:
Ma@ant Fault; NAF: North Anatolian fault; WCF: West Caspian fault. Adapted

| | A A

frog Zonenshain and Le Pichon [1986], Sengor et al. [2003], Sosson et al. [2010],

Ro@t al. [2012], Allen et al. [2003], Allen and Armstrong [2008], and Stampfli and

Bowoz].

Figure

Bo icits and balances of upper crustal shortening should be expected within
collisional orogens. Diagrams show the distribution of plate convergence into end-
megtﬁ:omponents of (a) subduction without accretion, which produces no crustal
s@g, (b) subduction with full accretion, in which convergence is fully recorded by
crustal shortening, and (c) pure shear shortening of the orogen, which shortens the crust
buthﬁnot contribute to subduction. The center panel (d) shows the most general case,
Wh three mechanisms operate simultaneously. In this general case, it is possible for
plage convergence to either be equal to or exceed crustal shortening. Likewise, crustal

skajardlg can be less than, equal to, or greater than the length of slab subducted since
coIIisioE

<

67
This article is protected by copyright. All rights reserved.



References

Abdulleyev, R. N., and R. A. Samedova (1976), Geology and petrology of magmatic
formations of the Vandam zone of the Southeastern Caucasus, in Essays on
Geological Petrology, edited by O. A. Bogatikov, A. M. Borusk and A. K. Simon,

wfuid. 137-145, Akademia Nauka.

Adggadg, S., M. B. Lordkipandize, and G. S. Zakariadze (1977), Evolution of an active

mtinental margin as exemplified by the alpine history of the Caucasus,
ectonophysics, 40, 183-199.

Adgmia, s., 1. P. Gamkrelidze, G. S. Zakariadze, and M. B. Lordkipandize (1974),
dzhar-Trialet trough and the problem of the Black Sea deep water trough,
eotectonics, 1, 39-47.

Adymigfs., V. Alania, A. Chabukiani, Z. Kutelia, and N. Sadradze (2011), Great
aucasus (Cavcasioni): A long-lived north-Tethyan back-arc basin, Turkish

Qéurnal of Earth Sciences, 20, 611-628.

Agabekov, M. G., and A. B. Moshashvili (1978), Kyurdamir-Saatly buried uplift of the
ura basin, an integral part of the Lesser Caucasus geosyncline in Cretaceous
me, Doklady of the National Academy of Sciences of the USSR, 232, 120-122.

Ag , J. Omrani, L. Jolivet, and F. Mouthereau (2005), Convergence history across
Zagros (Iran): constraints from collisional and earlier deformation, Int J Earth Sci

eol Rundsch), 94(3), 401-4109.
Ai@ﬁ, J. C.,J. R. Ali, and A. M. Davis (2007), When and where did India and Asia
Ilide?, Journal of Geophysical Research: Solid Earth, 112(B5), B05423.
Ez, E., J. A. Pearce, M. F. Thirlwall, and J. G. Mitchell (2000), Petrogenetic
olution of late Cenozoic, post-collision volcanism in western Anatolia, Turkey,
urnal of Volcanology and Geothermal Research, 102(1-2), 67-95.
Ali, J. R., and J. C. Aitchison (2006), Positioning Paleogene Eurasia problem: Solution
for 60-50 Ma and broader tectonic implications, Earth and Planetary Science
§letters, 251(1-2), 148-155.
Ali ., S. Buckman, K. J. Aswad, B. G. Jones, S. A. Ismail, and A. P. Nutman (2013),
Ghe tectonic evolution of a Neo-Tethyan (Eocene-Oligocene) island-arc (Walash
and Naopurdan groups) in the Kurdistan region of the Northeast Iragi Zagros
Qture Zone, Island Arc, 22(1), 104-125.
' . A. A, etal. (2005), Geological Map of Azerbaijan Republic, Geology Institute
ational Academy of Sciences of Azerbaijan Republic.
Allen. M. B., and H. A. Armstrong (2008), Arabia—Eurasia collision and the forcing of

@id-Cenozoic global cooling, Palaeogeography, Palaeoclimatology,
alaeoecology, 265(1-2), 52-58.

68
This article is protected by copyright. All rights reserved.



Allen, M. B., J. Jackson, and R. Walker (2004), Late Cenozoic reorganization of the
Arabia-Eurasia collision and the comparison of short-term and long-term
deformation rates, Tectonics, 23.

Allen, M. B., S. Jones, A. Ismail-Zadeh, M. Simmons, and L. Anderson (2002), Onset of
subduction as the cause of rapid Pliocene-Quaternary subsidence in the South

aspian basin, Geology, 30(9), 775-778.
A M. B., S. J. Vincent, G. I. Alsop, A. Ismail-Zadeh, and R. Flecker (2003), Late
enozoic deformation in the South Caspian region: effects of a rigid basement
k within a collision zone, Tectonophysics, 366, 223-239.
Allggdd. B., A. C. Morton, C. M. Fanning, A. Ismail-Zadeh, and S. B. Kroonenberg
(2006), Zircon age constraints on sediment provenance in the Caspian region,
Hburnal of the Geological Society of London, 163, 647-655.
AII@nger, R. W., and T. Gubbels (1996), Pure and simple shear plateau uplift,
Itiplano-Puna, Argentina and Bolivia, Tectonophysics, 259, 1-13.
Angergen, T. (2005), Detrital zircons as tracers of sedimentary provenance: limiting
Wnditions from statistics and numerical simulation, Chemical Geology, 216(3-4),
49-270.
Argus, [§. F., R. G. Gordon, M. B. Heflin, C. Ma, R. J. Eanes, P. Willis, W. R. Peltier,
and S. E. Owen (2010), The angular velocities of the plates and the velocity of
arth's centre from space geodesy, Geophysical Journal International, 180(3),
3-960.
Au nn, J., and G. laffaldano (2013), The role of the Zagros orogeny in slowing
wn Arabia-Eurasia convergence since ~5 Ma, Tectonics, 32(3), 351-363.

Avagyan, A., M. Sosson, A. Karakhanian, H. Philip, S. Rebai, Y. Rolland, R. Melkonyan,

and V. Davtyan (2010), Recent tectonic stress evolution in the Lesser Caucasus
d adjacent regions, Geological Society, London, Special Publications, 340(1),
3-408.

Avdeev, B. (2011), Tectonics of the Greater Caucasus and the Arabia-Eurasia Orogen,
137 pp, University of Michigan, Ann Arbor.

Av&ﬂ,-B., and N. A. Niemi (2011), Rapid Pliocene exhumation of the central Greater

aucasus constrained by low-temperature thermochronometry, Tectonics, 30.

Ax@l, P.S. Lam, M. Grove, D. F. Stockli, and J. Hassanzadeh (2001), Exhumation

the west-central Alborz Mountains, Iran, Caspian subsidence, and collision-

A%Iated tectonics, Geology, 29(6), 559-562.

Z1Z v, S. A, and G. S. Dzotsenidze (1971), Magmatism in the Caucasus, Iran and
urkey, International Geology Review, 13(10), 1464-1470.
Ba ., C. E. Uba, A. Landgraf, M. R. Strecker, M. Sudo, D. F. Stockli, A. Friedrich,
d S. H. Tabatabaei (2011), Arabia-Eurasia continental collision: Insights from

te Tertiary foreland-basin evolution in the Alborz Mountains, northern Iran,
Geological Society of America Bulletin, 123(1-2), 106-131.

69
This article is protected by copyright. All rights reserved.



Ballato, P., D. F. Stockli, M. R. Ghassemi, A. Landgraf, M. R. Strecker, J. Hassanzadeh,
A. Friedrich, and S. H. Tabatabaei (2013), Accommodation of transpressional
strain in the Arabia-Eurasia collision zone: new constraints from (U-Th)/He
thermochronology in the Alborz mountains, north Iran, Tectonics, 32(1), 1-18.

Ballato, P., A. Landgraf, T. F. Schildgen, D. F. Stockli, M. Fox, M. R. Ghassemi, E.
girby, and M. R. Strecker (2015), The growth of a mountain belt forced by base-

vel fall: Tectonics and surface processes during the evolution of the Alborz
ountains, N Iran, Earth and Planetary Science Letters, 425, 204-218.

Ba ., A. G. Robinson, and M. P. Williams (1997), Structure and regional tectonics

= =il the Achara-Trialet fold belt and the adjacent Rioni and Karli foreland basins,
Republic of Georgia, in Regional and petroleum geology of the Black Sea and

Hrrounding region, edited by A. G. Robinson, pp. 331-346.
Bagfer™y, M. L., and V. S. Burtman (1989), Paleomagentism of Upper Cretaceous
ocks from the Caucasus and Its Implications for Tectonics, in Tectonic
volution of the Tethyan Region, edited by A. M. C. Sengor, pp. 217-239, Kluwer
(/jcademic Publishing.

Ba , M. L., and V. S. Burtman (2002), Eocene paleomagnetism of the Caucasus

gouthwest Georgia): oroclinal bending in the Arabian syntaxis, Tectonophysics,

44, 247-259.
Belp"™®. A., M. L. Somin, and S. A. Adamiya (1978), Precambrian and Paleozoic of the
aucasus (brief synthesis), Jahrbuch der Geologischen B.-A, 121(1), 155-175.
Berpqugn, M. (1995), Master "blind" thrust faults hidden under the Zagros folds: active

sement tectonics and surface morphotectonics, Tectonophysics, 241, 193-224.
Bogdanova, S. V., B. Bingen, R. Gorbatschev, T. N. Kheraskova, V. I. Kozlov, V. N.
uchkov, and Y. A. Volozh (2008), The East European Craton (Baltica) before
d during the assembly of Rodinia, Precambrian Research, 160(1-2), 23-45.
mg |, J. F. Grotowski, and D. P. Kroese (2010), Kernel density estimation via
diffusion, Annals of Statistics, 38, 2816-2957.
Boyilhol, P., O. Jagoutz, J. M. Hanchar, and F. O. Dudas (2013), Dating the India—
LEurasia collision through arc magmatic records, Earth and Planetary Science

etters, 366(0), 163-175.
Bo S.J.,and A. H. F. Robertson (2007), The Miocene of the Hatay area, S Turkey:
ransition from the Arabian passive margin to an underfilled foreland basin
related to closure of the Southern Neotethys Ocean, Sedimentary Geology, 198(1-
, 93-124,
, M. T. (1996), Probability density plot for fission-track grain-age samples,

diation Measurements, 26(5), 663-676.
Br -F., M. V. Korotaev, A. V. Ershov, and A. M. Nikishin (2003), The South

aspian Basin: a review of its evolution from subsidence modelling, Sedimentary
Geology, 156, 119-148.

70
This article is protected by copyright. All rights reserved.



Capitanio, F. A., and A. Replumaz (2013), Subduction and slab breakoff controls on
Asian indentation tectonics and Himalayan western syntaxis formation,
Geochemistry, Geophysics, Geosystems, 14(9), 3515-3531.

Capitanio, F. A., G. Morra, S. Goes, R. F. Weinberg, and L. Moresi (2010), India-Asia
convergence driven by the subduction of the Greater Indian continent, Nature

Seoscience, 3(2), 136-139.
YA.R., Y. Liang, S. A. Graham, X. Xiao, M. S. Hendrix, J. Chu, and C. L.

cKnight (1990), Junggar basin, northwest China: trapped Late Paleozoic ocean,
onophysics, 181, 1-14.
Gatalag,). R. M., J. FernAndez-SuArez, G. A. Jenner, E. Belousova, and A. Montes
(2004), Provenance constraints from detrital zircon U-Pb ages in the NW Iberian
LI'Vlassif: implications for Palaeozoic plate configuration and Variscan evolution, J.
eol. Soc., 161(3), 463-476.

Cl . K. (2012), Continental collision slowing due to viscous mantle lithosphere
ther than topography, Nature, 483(7387), 74-77.
Co ., J.-P. Avouac, and J.-Y. Royer (2010), India-Asia collision and the Cenozoic

urnal of Geophysical Research: Solid Earth, 115(B3), B03410.
, E. (2010), Cenozoic right-slip faulting along the eastern margin of the Pamir
lient, northwestern China, Geological Society of America Bulletin, 122(1/2),
5-161.
De , P. G, and K. A. Giles (1996), Foreland basin systems, Basin Research, 8, 105-
3.
Dewey, J. F. (1977), Suture zone complexities; a review, Tectonophysics, 40, 53-67.
. F., and K. Burke (1974), Hot Spots and Continental Break-up: Implications for
ollisional Orogeny, Geology, 2(2), 57-60.
mj_F., S. Cande, and W. C. Pitman (1989), Tectonic evolution of the India/Eurasia
collision zone, Eclogae Geologicae Helvetiae, 82(3), 717-734.
Digkinson, W. R., and G. E. Gehrels (2003), U-Pb ages of detrital zircons from Permian
d Jurassic eolian sandstones of the Colorado Plateau, USA: paleogeographic
Wnplications, Sedimentary Geology, 163(1-2), 29-66.
Do , S. 1. (1986), Nappe structure of the Greater Caucasus range, Geotectonics,

jowdown of the Indian plate: Implications for the forces driving plate motions,
Cowgi

(5), 420-430.
Dz!anelidze, A. 1., and N. A. Kandelaki (1957), K-38-XIIl, Ministry of Geology and
ineral Protection USSR, Moscow.
®R. D., O. H. Pilkey, W. J. Cleary, and H. A. Curran (1979), Black Shell turbidite,
atteras Abyssal Plain, western Atlantic Ocean, Geological Society of America
;ulletin, 90(12), 1165-1176.

<C

71
This article is protected by copyright. All rights reserved.



Ershov, A. V., M.-F. Brunet, A. M. Nikishin, S. N. Bolotov, B. P. Nazarevich, and M. V.
Korotaev (2003), Northern Caucasus basin: thermal history and synthesis of
subsidence models, Sedimentary Geology, 156, 95-118.

Fedo, C. M., K. N. Sircombe, and R. H. Rainbird (2003), Detrital Zircon Analysis of the
Sedimentary Record, Reviews in Mineralogy and Geochemistry, 53(1), 277-303.

Flesch, L. M., A. J. Haines, and W. E. Holt (2001), Dynamics of the India-Eurasia

llision zone, Journal of Geophysical Research, 106(B8), 16435-16460.

For, M. (2012), Late Cenozoic Evolution of the Greater Caucasus Mountains and
a Foreland Basin: Implications for Early Orogenesis, University of California,
S - \V/ 3

Fogge, A. M., E. Cowagill, and K. X. Whipple (2014), Transition from a singly vergent to
ubly vergent wedge in a young orogen: The Greater Caucasus, Tectonics,
(11), 2014TC003651.

Fo " M., K. X. Whipple, B. Bookhagen, and M. W. Rossi (2016), Decoupling of
odern shortening rates, climate, and topography in the Caucasus, Earth and
lanetary Science Letters, 449, 282-294.

For, M., E. Cowgill, T. Bernardin, O. Kreylos, and B. Hamann (2010), Late

§enozoic deformation of the Kura fold-thrust belt, southern Greater Caucasus,
eological Society of America Bulletin, 122(3/4), 465-486.

Fog®™=" M., E. Cowagill, I. Murtuzayev, T. Kangarli, and M. Stoica (2013), Structural
ometries and magnitude of shortening in the eastern Kura fold-thrust belt,
zerbaijan: Implications for the development of the Greater Caucasus Mountains,

@ctonics, 32(3), 688-717.

Forte, A. M., D. Y. Sumner, E. Cowgill, M. Stoica, I. Murtuzayev, T. Kangarli, M.
lashvili, T. Godoladze, and Z. Javakhishvili (2015), Late Miocene to Pliocene
ratigraphy of the Kura Basin, a subbasin of the South Caspian Basin:

mnplications for the diachroneity of stage boundaries, Basin Research, 27(3), 247-
271.

Gagnkrelidze, 1. P. (1986), Geodynamic evolution of the Caucasus and adjacent areas in
Ipine time, Tectonophysics, 127, 261-277.

Ga jdze, I. P., and D. M. Shengelia (2001), Origin of the igneous rocks of the
zirula crystalline massif (Caucasus) in light of the tectonic layering of the

rths' crust, Geotectonics, 35(1), 51-61.

Gaﬁkrelidze, I. P., G. D. Dumbadze, M. A. Kekeliya, I. I. Khmaladze, and O. D.
hutsishvili (1981), Ophiolites of the Dzirul Massif and the Caucasus,
eotectonics, 15(5), 389-396.

Ga idze, P. D., and I. R. Kakhazdze (1959), K-38-VII, Ministry of Geology and
ineral Protection USSR, Moscow.

<C

72
This article is protected by copyright. All rights reserved.



Gehrels, G. (2012), Detrital Zircon U-Pb Geochronology: Current Methods and New
Opportunities, in Tectonics of Sedimentary Basins: Recent Advances, edited by C.
Busby and A. A. Pérez, pp. 47-62, Blackwell Publishing Ltd.
Gehrels, G. (2014), Detrital Zircon U-Pb Geochronology Applied to Tectonics, Annual
Review of Earth and Planetary Sciences, 42(1), 127-149.
Gebrels,G., V. Valencia, and A. Pullen (2006), Detrital zircon geochronology by laser-
lation multicollector ICPMS at the Arizona LaserChron Center, in
eochronology: Emerging Opportunities, Paleontological Society Short Course,
ber 21, 2006, edited by T. Olszewski, Paleontological Society Papers,
= =mmad)iladelphia, PA.
Gejyrels, G. E., and W. R. Dickinson (1995), Detrital zircon provenance of Cambrian to
riassic miogeoclinal and eugeoclinal strata in Nevada, American Journal of
ience, 295(1), 18-48.
Ge #G. E., V. A. Valencia, and J. Ruiz (2008), Enhanced precision, accuracy,
iciency, and spatial resolution of U-Pb ages by laser ablation—-multicollector—
jnductively coupled plasma—mass spectrometry, Geochemistry, Geophysics,

eosystems, 9(3), Q03017.
Golonks J. (2007), Geodynamic evolution of the South Caspian Basin, in Oil and gas of
e Greater Caspian Area, edited by P. O. Yilmaz and G. H. Isaken, pp. 17-41.
Gr *S. A, W. R. Dickinson, and R. V. Ingersoll (1975), Himalayan-Bengal Model
r Flysch Dispersal in the Appalachian-Ouachita System, Geological Society of

merica Bulletin, 86(3), 273-286.
Gu@ A.N., and V. A. Ermakov (1989), K-38-1X, USSR Ministry of Geology,
eningrad.
Idze, G. E. (2003), Geological Map of Georgia, Georgian State Department of
eology and National Oil Company "SAQNAVTOBI".
@ G.J. Axen, P. S. Lam, and J. Hassanzadeh (2006), Late Cenozoic shortening in
the west-central Alborz Mountains, northern Iran, by combined conjugate strike-
slip and thin-skinned deformation, Geosphere, 2(1), 35-52.
Guee=s_, E. Garzanti, D. Baratoux, D. Marquer, G. Mahéo, and J. de Sigoyer (2003),
econstructing the total shortening history of the NW Himalaya, Geochemistry,
Geophysics, Geosystems, 4(7), 1064.
Ha ., A. G. Gurbanov, and H. J. Lippolt (1992), Age and genesis of granitoids from
ﬁ;e Main-Range and Bechasyn Zones of the western Greater Caucasus, Neues
hrbuch fur Mineralogie Monatshefte, 12, 529-544.
deh, J., D. F. Stockli, B. K. Horton, G. J. Axen, L. D. Stockli, M. Grove, A. K.
hmitt, and J. D. Walker (2008), U-Pb zircon geochronology of late
seoproterozoic—Early Cambrian granitoids in Iran: Implications for

leogeography, magmatism, and exhumation history of Iranian basement,
{?Ltonophysics, 451(1-4), 71-96.

73
This article is protected by copyright. All rights reserved.



Hatzfeld, D., and P. Molnar (2010), Comparisons of the kinematics and deep structures of
the Zagros and Himalaya and of the Iranian and Tibetan plateaus and geodynamic
implications, Rev. Geophys., 48(2), RG2005.

Haug, G. H., and R. Tiedemann (1998), Effect of the formation of the Isthmus of Panama
on Atlantic Ocean thermohaline circulation, Nature, 393(6686), 673-676.

Hei:ptoH, M. R. (1985), Structure and deformation history of the Bitlis suture near Lake

azar, southeastern Turkey, Geological Society of America Bulletin, 96(2), 233-

3.
HeﬁM. R. (1987), Constraints on Arabian Plate motion and extensional history of
= =€ REd Sea, Tectonics, 6(6), 687-705.
Hsig, K. J. (1988), Relict back-arc basins: Principles of recognition and possible new
LE!<amp|es from China, in New Perspectives in Basin Analysis, edited by K. L.
leinsphen and C. Paola, pp. 245-263, Springer-Verlag, New York, NY.
Ing , R. V. (2012), Tectonics of sedimentary basins, with revised nomenclature, in
ectonics of Sedimentary Basins: Recent Advances, edited by C. Busby and A. A.
w(érez, pp. 3-43, Blackwell Publishing Ltd.
Ing R. V., and C. J. Busby (1995), Tectonics of sedimentary basins, in Tectonics of
§dimentary Basins, edited by C. J. Busby and R. V. Ingersoll, pp. 1-51,
lackwell Scientific, Cambridge, MA.
In 'R. V., S. A. Graham, and W. R. Dickinson (1995), Remnant ocean basins, in
ctonics of Sedimentary Basins, edited by C. J. Busby and R. V. Ingersoll, pp.
3-391, Blackwell Scientific, Cambridge, MA.
Jao(sq%. (1992), Partitioning of strike-slip and convergent motion between Eurasia and
rabia in eastern Turkey and the Caucasus, Journal of Geophysical Research,
(B9), 12,471-412,479.
Jac vJ., K. Priestley, M. B. Allen, and M. Berberian (2002), Active tectonics of the
uth Caspian Basin, Geophysical Journal International, 148(2), 214-245.
Kandelaki, D. N., and I. R. Kakhazdze (1957), K-38-XV, Ministry of Geology and
Mineral Protection USSR, Moscow.
Kahﬂ!!ki, N. A. (1957), K-37-XVIII, Ministry of Geology and Mineral Protection
SSR, Moscow.
Ka . E. (1971), Origin and development of marginal basins in the western Pacific,
urnal of Geophysical Research, 76(11), 2542-2561.
Ka!min, V. G., A. A. Schreider, and A. A. Bulychev (2000), Early stages of evolution of
e Black Sea, in Tectonics and Magmatism in Turkey and the Surrounding Area,
ited by E. Bozkurt, J. A. Winchester and J. D. A. Piper, pp. 235-249,

eological Society, London.
Kaﬁv. G., I. M. Shortshikov, L. E. Ricou, L. P. Zonenshain, J. Boulin, and A. L.
nipper (1986), Volcanic belts as markers of the Mesozoic-Cenozoic active
{%argin of Eurasia, Tectonophysics, 123(1-4), 123-152.

74
This article is protected by copyright. All rights reserved.



Kelty, T. K., A. Yin, B. Dash, G. E. Gehrels, and A. E. Ribeiro (2008), Detrital-zircon
geochronology of Paleozoic sedimentary rocks in the Hangay—Hentey basin,
north-central Mongolia: Implications for the tectonic evolution of the Mongol-
Okhotsk Ocean in central Asia, Tectonophysics, 451(1-4), 290-311.

Keskin, M. (2003), Magma generation by slab steepening and breakoff beneath a
érbduction-accretion complex: An alternative model for collision-related

olcanism in Eastern Anatolia, Turkey, Geophysical Research Letters, 30(24).

Ke ., J. A. Pearce, and J. G. Mitchell (1998), Volcano-stratigraphy and

mhemistry of collision-related volcanism on the Erzurum-Kars Plateau, North

= =mmaStern Turkey, Journal of Volcanology and Geothermal Research, 85(1-4), 355-

04.
Kh;H,-V. E. (2007), Mesozoic-Cenozoic accretionary complexes of the Greater
aucasus, Dokl. Earth Sc., 413(2), 376-379.

Kh&iae . E., and A. N. Shardanov (1960), K-39-XXV, Ministry of Geology and Mineral
rotection USSR, Moscow.
Khif, Y. E., and L. I. Lobkovskiy (1994), Relict seismicity in the Alpine belt of Eurasia:

ode of occurence, Geotectonics, 28(3), 192-198.
Khaliloy E. N., S. F. Mekhtiyev, and Y. Khain (1987), Some geophysical data
confirming the collisional origin of the Greater Caucasus, Geotectonics, 21(2),
2-136.
Ki r, D. S. (1959), K-38-11, Ministry of Geology and Mineral Protection USSR,

0SCOW.
Kn@. C., J. H. Knapp, and J. A. Connor (2004), Crustal-scale structure of the South
aspian Basin revealed by deep seismic reflection profiling, Marine and

etroleum Geology, 21(8), 1073-1081.
Kogy#f®, A., A. Yilmaz, S. Adamia, and S. Kuloshvili (2001), Neotectonics of East

natolia Plateau (Turkey) and Lesser Caucasus: implication for transition from
thrusting to strike-slip faulting, Geodinamica Acta, 14, 177-195.
Kogp, M. L. (1985), Age and nature of deformations of sediments comprising the Lagich
LEyncline, Moscow University Geology Bulletin, 40(1), 23-32.
Ko . L., and I. G. Shcherba (1985), Late alpine development of the east Caucasus,
ertectonics, 19(6), 497-507.
Kr nd A. G. Gurbanov (1996), Apatite fission track data from the Great Caucasus
i pre-Alpine basement, Chemie der Erde, 56(2), 177-192.
L1, G.;and A. J. West (2014), Evolution of Cenozoic seawater lithium isotopes: Coupling
o i global denudation regime and shifting seawater sinks, Earth and Planetary
ience Letters, 401, 284-293.

. C., D. J.J. van Hinsbergen, and G. Dupont-Nivet (2014), Early Cretaceous to
fesent latitude of the central proto-Tibetan Plateau: A paleomagnetic synthesis

75
This article is protected by copyright. All rights reserved.



with implications for Cenozoic tectonics, paleogeography, and climate of Asia,
Geological Society of America Special Papers, 507, 1-21.
Mangino, S., and K. Priestley (1998), The crustal structure of the southern Caspian
region, Geophysical Journal International, 133, 630-648.
Markus, M. A., and A. M. Miroshanikov (2001), K-38-XVII, Ministry of Natural
esources of the Russian Federation, Moscow.
M*I'I'H'?er, F., P. J. Treloar, A. Gerdes, F. Finger, and D. Shengelia (2011), New age data
Gg;n the Dzirula massif, Georgia: Implications for the evolution of the Caucasian
iscides, American Journal of Science, 311(5), 404-441.
Ncglusky, S., et al. (2000), Global positioning system constraints on plate kinematics
and dynamics in the eastern Mediterranean and Caucasus, Journal of Geophysical
LF!esearch, 105(B3), 5695-5719.
McgRer™ye, D. (1972), Active Tectonics of the Mediterranean Region, Geophysical
urnal of the Royal Astronomical Society, 30(2), 109-185.
Mc ie, N., and D. J. J. van Hinsbergen (2013), Retrodeforming the Arabia-Eurasia
llision zone: Age of collision versus magnitude of continental subduction,

eology, 41(3), 315-318.
McQua§ie, N., J. M. Stock, C. Verdel, and B. P. Wernicke (2003), Cenozoic evolution of
eotethys and implications for the causes of plate motions, Geophysical Research
tters, 30(20).
M J., R. Moritz, A. Ulianov, and M. Chiaradia (2013), Middle Jurassic to
enozoic evolution of arc magmatism during Neotethys subduction and arc-
ntinent collision in the Kapan Zone, southern Armenia, Lithos, 177(0), 61-78.
Meijers, M. J. M., et al. (2015), A paleolatitude reconstruction of the South Armenian
lock (Lesser Caucasus) for the Late Cretaceous: Constraints on the Tethyan
alm, Tectonophysics, 644-645(0), 197-219.
m\]. J. M., et al. (2016 in press), Progressive orocline formation in the Eastern
Pontides—Lesser Caucasus, in Tectonic Evolution of the Eastern Black Sea and
Caucasus, edited by M. Sosson, R. A. Stephenson and S. A. Adamia, Geological
El—society, London, Special Publications, 428, doi: 10.1144/SP428.8.
Me R. J., J. Jackson, S. Myers, R. Gok, K. Priestley, G. Yetirmishli, N. Turkelli, and
@. Godoladze (2012), Deep Earthquakes beneath the Northern Caucasus:
vidence of Active or Recent Subduction in Western Asia, Bulletin of the
; Seismological Society of America, 102(2), 862-866.
IKOV, V. A., and E. I. Popova (1975), K-38-VIII, USSR Ministry of Geology,
0SCOW.
M ., and H. Lyon-Caen (1988), Some simple physical aspects of the support,
ructure, and evolution of mountain belts, in Processes in Continental

ithospheric Deformation, edited by S. P. Clark, B. C. Burchfiel and J. Suppe, pp.
179-207, Geological Society of America Special Paper 218, Boulder.

76
This article is protected by copyright. All rights reserved.



Molnar, P., and J. M. Stock (2009), Slowing of India's convergence with Eurasia since 20
Ma and its implications for Tibetan mantle dynamics, Tectonics, 28(3), TC3001.

Molnar, P., D. Freedman, and J. S. F. Shih (1979), Lengths of intermediate and deep
seismic zones and temperatures in downgoing slabs of lithosphere, Geophysical
Journal of the Royal Astronomical Society, 56, 41-54.

Mayitz, R., et al. (2016), Long-lived, stationary magmatism and pulsed porphyry systems
uring Tethyan subduction to post-collision evolution in the southernmost Lesser
aucasus, Armenia and Nakhitchevan, Gondwana Research, 37, 465-503.

M T., A. M. Forte, E. S. Cowgill, C. C. Trexler, N. A. Niemi, M. Burak

= =i 1k1lmaz, and L. H. Kellogg (2015), Subducted, detached, and torn slabs beneath

the Greater Caucasus, GeoResJ, 5(0), 36-46.

M , I, L. Matenco, C. Dinu, and S. Cloetingh (2011), Kinematics of back-arc
version of the Western Black Sea Basin, Tectonics, 30(5), TC5004.
NaMdae?, D. V. (1973), The Mediterranean Geosyncline, in Geology of the U.S.S.R.
Uﬁjnglish Translation), edited by D. V. Nalivkin, pp. 578-685, Oliver and Boyd,
inburgh.

Natal'in}B. A., and A. M. C. Sengor (2005), Late Palaeozoic to Triassic evolution of the
uran and Scythian platforms: The pre-history of the Palaeo-Tethyan closure,
ctonophysics, 404, 175-202.
Nildslday A. M., A. V. Ershov, and V. A. Nikishin (2010), Geological history of Western
aucasus and adjacent foredeeps based on analysis of the regional balanced
ction, Dokl. Earth Sc., 430(2), 155-157.
Nikishin, A. M., P. A. Ziegler, S. N. Bolotov, and P. A. Fokin (2011), Late Paleozoic to
enozoic evolution of the Black Sea-southern Eastern Europe region: a view from
e Russian Platform, Turkish Journal of Earth Sciences, 20, 571-634.
m A M., P. A. Ziegler, D. I. Panov, B. P. Nazarevich, M.-F. Brunet, R. A.
Stephenson, S. N. Bolotov, M. V. Korotaev, and P. L. Tikhomirov (2001),
Mesozoic and Cainozoic evolution of the Scythian Platform-Black Sea-Caucasus
main, in Peri-Tethys Memoir 6: Peri-Tethyan Rift/Wrench Basins and Passive
argins, Mémoires du Muséum National D'Histoire Naturelle Tome 186, edited
g/ P. A. Ziegler, W. Cavazza, A. H. F. Robertson and S. Crasquin-Soleau, pp.
5-346, Publications Scientifiques Du Muséum, Paris.
Ob!rhansli, R., R. Bousquet, O. Candan, and A. I. Okay (2012), Dating subduction
vents in East Anatolia, Turkey, Turkish Journal of Earth Sciences, 21, 1-17.
li, R., O. Candan, R. Bousquet, G. Rimmele, A. Okay, and J. Goff (2010),
Ipine high pressure evolution of the eastern Bitlis complex, SE Turkey,
Seological Society, London, Special Publications, 340(1), 461-483.

<

NaﬂD. V. (1976), Geologic Map of the Caucasus, Ministry of Geology, USSR.

77
This article is protected by copyright. All rights reserved.



Okay, A. L., A. M. Celal Sengér, and N. Goriir (1994), Kinematic history of the opening
of the Black Sea and its effect on the surrounding regions, Geology, 22(3), 267-
270.

Okay, A. I., M. Zattin, and W. Cavazza (2010), Apatite fission-track data for the Miocene
Arabia-Eurasia collision, Geology, 38(1), 35-38.

Oldow, §. S., A. W. Bally, and H. G. Ave Lallemant (1990), Transpression, orogenic

oat, and lithospheric balance, Geology, 18(10), 991-994.

Pamand J. Achache (1984), India-Eurasia collision chronology has implications for
tal shortening and driving mechanism of plates, Nature, 311, 615-621.
Peargead A., J. F. Bender, S. E. De Long, W. S. F. Kidd, P. J. Low, Y. Guner, F.
Saroglu, Y. Yilmaz, S. Moorbath, and J. G. Mitchell (1990), Genesis of collision
LU'blcanism in Eastern Anatolia, Turkey, Journal of Volcanology and Geothermal
search, 44(1-2), 189-229.
Pe F'A., and P. Philippot (1997), Rapid cooling and exhumation of eclogitic rocks
U;fm the Great Caucasus, Russia, Journal of Metamorphic Geology, 15(3), 299-
0.
Phili ., A. Cisternas, A. Gvishiani, and A. Gorshkov (1989), The Caucasus: an actual
s<ample of the initial stages of continental collision, Tectonophysics, 161, 1-21.
Philippot, P., J. Blichert-Toft, A. Perchuk, S. Costa, and V. Gerasimov (2001), Lu—-Hf
d Ar—Ar chronometry supports extreme rate of subduction zone metamorphism
duced from geospeedometry, Tectonophysics, 342(1-2), 23-38.
Pip J. W., and A. Aksu (1987), The source and origin of the 1929 grand banks
@rbidity current inferred from sediment budgets, Geo-Marine Letters, 7(4), 177-

82.
nko, Y. Y. (1964), K-38-1, Ministry of Geology and Mineral Protection USSR,

0SCOW.

1 K., C. Baker, and J. Jackson (1994), Implications of earthquake focal
mechanism data for the active tectonics of the south Caspian Basin and
surrounding regions, Geophysical Journal International, 118, 111-141.

PUILHHA., M. Ibanez-Mejia, G. E. Gehrels, J. C. Ibanez-Mejia, and M. Pecha (2014),
hat happens when n=1000? Creating large-n geochronological datasets with
dA-ICP-MS for geologic investigations, Journal of Analytical Atomic

ectrometry, 29(6), 971-980.
Ra!mo, M. E., and W. F. Ruddiman (1992), Tectonic forcing of late Cenozoic climate,
ature, 359, 117-122.
=MV1. E., W. F. Ruddiman, and P. N. Froelich (1988), Influence of late Cenozoic
ountain building on ocean geochemical cycles, Geology, 16, 649-653.
Rebai, g, H. Philip, L. Dorbath, B. Borissoff, H. Haessler, and A. Cisternas (1993),

ctive tectonics in the Lesser Caucasus: coexistence of compressive and
extensional structures, Tectonics, 12(5), 1089-1114.

78
This article is protected by copyright. All rights reserved.



Reilinger, R., et al. (2006), GPS constraints on continental deformation in the Africa-
Arabia-Eurasia continental collision zone and implications for the dynamics of
plate interactions, Journal of Geophysical Research, 111.

Replumaz, A., S. Guillot, A. Villasefior, and A. M. Negredo (2013), Amount of Asian
lithospheric mantle subducted during the India/Asia collision, Gondwana

esearch, 24(3-4), 936-945.
R!"I'U'I'I'éz, A., F. A. Capitanio, S. Guillot, A. M. Negredo, and A. Villasefior (2014), The
upling of Indian subduction and Asian continental tectonics, Gondwana
arch, 26(2), 608-626.
Rokigsan, A. G., J. H. Rudat, C. J. Banks, and R. L. F. Wiles (1996), Petroleum geology
of the Black Sea, Marine and Petroleum Geology, 13(2), 195-223.
Rohﬁm, A. G, E. T. Griffith, A. R. Gardiner, and A. K. Home (1997), Petroleum
(-Eology of the Georgian fold and thrust belts and foreland basins, in Regional and
troleum geology of the Black Sea and surrounding region, edited by A. G.
obinson, pp. 347-367, AAPG Memoir 68.
Ro Y., M. Sosson, S. Adamia, and N. Sadradze (2011), Prolonged Variscan to
Ipine history of an active Eurasian margin (Georgia, Armenia) revealed by
SAr/IBQAr dating, Gondwana Research, 20(4), 798-815.
Rolland, Y., S. Billo, M. Corsini, M. Sosson, and G. Galoyan (2009), Blueschists of the
massia-Stepanavan Suture Zone (Armenia): linking Tethys subduction history
om E-Turkey to W-Iran, Int J Earth Sci (Geol Rundsch), 98(3), 533-550.
Ro Y., D. Perincek, N. Kaymakci, M. Sosson, E. Barrier, and A. Avagyan (2012),
m/idence for ~80-75 Ma subduction jump during Anatolide-Tauride-Armenian
lock accretion and ~48 Ma Ma Arabia-Eurasia collision in Lesser Caucasus-East
natolia, Journal of Geodynamics, 56-57, 76-85.
Rol Y Y., M. Hassig, D. Bosch, M. J. M. Meijers, M. Sosson, O. Bruguier, S. Adamia,
d N. Sadradze (2016), A review of the plate convergence history of the East
Anatolia-Transcaucasus region during the Variscan: Insights from the Georgian
basement and its connection to the Eastern Pontides, Journal of Geodynamics, 96,
1-145, doi 10.1016/j.jog.2016.03.003.
Ru n, W. F., and J. E. Kutzbach (1989), Forcing of late Cenozoic northern
mmisphere climate by plateau uplift in southern Asia and the American west,
urnal of Geophysical Research: Atmospheres, 94(D15), 18409-18427.
Saﬁrov, I. B. (2006), Petrophysical properties of rocks in seismogenic crustal blocks of
e southeastern Greater Caucasus and their geological and geophysical
Mterpretation, lzvestiya, Physics of the Solid Earth, 42(3), 260-270.
Safi , I, S. Maruyama, T. Hirata, Y. Kon, and S. Rino (2010), LA ICP MS U-Pb
;es of detrital zircons from Russia largest rivers: Implications for major

anitoid events in Eurasia and global episodes of supercontinent formation,
d)urnal of Geodynamics, 50(3-4), 134-153.

79
This article is protected by copyright. All rights reserved.



Sahakyan, L., D. Bosch, M. Sosson, A. Avagyan, G. Galoyan, Y. Rolland, O. Bruguier,
Z. Stepanyan, B. Galland, and S. Vardanyan (2016), Geochemistry of the Eocene
magmatic rocks from the Lesser Caucasus area (Armenia): evidence of a
subduction geodynamic environment, Geological Society, London, Special
Publications, 428.

Satkoski A. M., B. H. Wilkinson, J. Hietpas, and S. D. Samson (2013), Likeness among

etrital zircon populations—An approach to the comparison of age frequency data
% time and space, Geological Society of America Bulletin, 125(11-12), 1783-
9.

SenglrA. M. C. (1984), The Cimmeride Orogenic System and the Tectonics of Eurasia,
Geological Society of America Special Paper, 195, 1-82.

Se = . M. C., S. Ozeren, T. Geng, and E. Zor (2003), East Anatolian high plateau as

Qmantle-supported, north-south shortened domal structure, Geophysical Research
etters, 30(24).
SengiymA. M. C., M. S. Ozeren, M. Keskin, M. Saking, A. D. Ozbakir, and 1. Kayan
008), Eastern Turkish high plateau as a small Turkic-type orogen: Implications
r post-collisional crust-forming processes in Turkic-type orogens, Earth-Science
;g)views, 90(1-2), 1-48.
Shikalibeily, E. S., R. N. Abdullayev, and A. A. Ali-Zade (1988), Geological results from
e Saatly superdeep drillhole, International Geology Review, 30(12), 1272-1277.
Si , N. A., S. C. Myers, and G. Johannesson (2011), Global-scale P wave
mography optimized for prediction of teleseismic and regional travel times for
@iddle East events: 2. Tomographic inversion, Journal of Geophysical Research:
olid Earth, 116(B4), B04305.
syn, G., R. Mellors, R. Gok, N. Turkelli, G. Yetirmishli, and E. Sandvol (2014),
pper mantle S wave velocity structure of the East Anatolian-Caucasus region,
ctonics, 33.
Sobornov, K. O. (1994), Structure and petroleum potential of the Dagestan thrust belt,
northeastern Caucasus, Russia, Bulletin of Canadian Petroleum Geology, 42(3),
2-364.
So , K. 0. (1996), Lateral variations in structural styles of tectonic wedging in the
t@rtheasteren Caucasus, Bulletin of Canadian Petroleum Geology, 44(2), 385-

9.
Soﬁin, M. L. (2011), Pre-Jurassic basement of the Greater Caucasus: Brief overview,
urkish Journal of Earth Sciences, 20, 545-610.
Sefwe=f. L. E. N. Lepekhina, and A. N. Konilov (2007), Age of th high-temperature
eiss core of the central Caucasus, Dokl. Earth Sc., 415(5), 690-694.
Somi . L., A. B. Kotov, E. B. Sal'nikova, O. A. Levchenkov, A. N. Pis'mennyi, and S.
f. Yakovleva (2006), Paleozoic rocks in infrastructure of the metamorphic core,

80
This article is protected by copyright. All rights reserved.



the Greater Caucasus Main Range Zone, Stratigraphy and Geological
Correlation, 14(5), 475-485.

Sosson, M., et al. (2010), Subductions, obduction and collision in the Lesser Caucasus
(Armenia, Azerbaijan, Georgia), new insights, Geological Society, London,
Special Publications, 340(1), 329-352.

Stippﬂi! G. M., and G. D. Borel (2002), A plate tectonic model for the Paleozoic and

esozoic constrained by dynamic plate boundaries and restored synthetic oceanic
ochrons, Earth and Planetary Science Letters, 196(1-2), 17-33.

Ta ., and J. Jackson (2002), Offset on the Main Recent Fault of NW Iran and

= =i plications for the late Cenozoic tectonics of the Arabia-Eurasia collision zone,
Geophysical Journal International, 150, 422-439.

Talf™e™™. J., L. A. Amy, R. B. Wynn, G. Blackbourn, and O. Gibson (2007), Evolution

Turbidity Currents Deduced from Extensive Thin Turbidites: Marnoso
renacea Formation (Miocene), Italian Apennines, J Sediment Res, 77(3), 172-

96.
Tam., and G. D. Karner (1983), On the evolution of marginal basins, Reviews of
eophysics, 21(8), 1727-1741.
Trexler JC. C., E. Cowgill, N. A. Niemi, and T. Godoladze (2015), Exploring subduction,
slab breakoff, and upper-plate deformation in the Georgian Greater Caucasus:
ortening estimates from area- and line-balanced crustal scale cross sections,
per presented at American Geophysical Union Fall Meeting Abstract T31B-
86, American Geophysical Union, San Francisco.
va@ergen, D. J.J., P. Kapp, G. Dupont-Nivet, P. C. Lippert, P. G. DeCelles, and T.
. Torsvik (2011), Restoration of Cenozoic deformation in Asia and the size of
reater India, Tectonics, 30(5), TC5003.
van la#Sbergen, D. J. J., P. C. Lippert, G. Dupont-Nivet, N. McQuarrie, P. V.
oubrovine, W. Spakman, and T. H. Torsvik (2012), Greater India Basin
hypothesis and a two-stage Cenozoic collision between India and Asia,
Proceedings of the National Academy of Sciences, 109(20), 7659-7664.
Ve h, P. (2012), On the visualisation of detrital age distributions, Chemical

eology, 312-313, 190-194.
Ve@G., E. Garzanti, S. J. Vincent, S. Ando, A. Carter, and A. Resentini (2014),
racking sediment provenance and erosional evolution of the western Greater
% Caucasus, Earth Surface Processes and Landforms, 39(8), 1101-1114.
I S.J., F. Hyden, and W. Braham (2014), Along-strike variations in the
‘-l—!!)mposition of sandstones derived from the uplifting western Greater Caucasus:
uses and implications for reservoir quality prediction in the Eastern Black Sea,
Seological Society, London, Special Publications, 386(1), 111-127.

Vincent,S. J., A. C. Morton, F. Hyden, and M. Fanning (2013), Insights from
ﬁetrography, mineralogy and U-Pb zircon geochronology into the provenance and

81
This article is protected by copyright. All rights reserved.



reservoir potential of Cenozoic siliciclastic depositional systems supplying the
northern margin of the Eastern Black Sea, Marine and Petroleum Geology, 45(0),
331-348.

Vincent, S. J., A. C. Morton, A. Carter, S. Gibbs, and T. G. Barabadze (2007), Oligocene
uplift of the Western Greater Caucasus: an effect of initial Arabia-Eurasia
ﬁPIIision, Terra Nova, 19, 160-166.

, 5. J., M. B. Allen, A. Ismail-Zadeh, R. Flecker, K. A. Foland, and M. Simmons
005), Insights from the Talysh of Azerbaijan into the Paleogene evolution of the
th Caspian region, Geological Society of America Bulletin, 117(11/12), 1513-
= m—33.
Vingeent, S. J., A. Carter, V. A. Lavrishchev, S. P. Rice, T. G. Barabadze, and N. Hovius
011), The exhumation of the western Greater Caucasus: a thermochronometric
udy, Geological Magazine, 148(01), 1-21.
W . Y., I. H. Campbell, A. S. Stepanov, C. M. Allen, and I. N. Burtsev (2011),
rowth rate of the preserved continental crust: Il. Constraints from Hf and O
Ujotopes in detrital zircons from Greater Russian Rivers, Geochimica et
osmochimica Acta, 75(5), 1308-1345.
Weislogpl, A. L. (2008), Tectonostratigraphic and geochronologic constraints on
evolution of the northeast Paleotethys from the Songpan-Ganzi complex, central
hina, Tectonophysics, 451(1-4), 331-345.
W I, A. L., S. A. Graham, E. Z. Chang, J. L. Wooden, G. E. Gehrels, and H. Yang
006), Detrital zircon provenance of the Late Triassic Songpan-Ganzi complex:
@dimentary record of collision of the North and South China blocks, Geology,
4(2), 97-100.
way, R. (1994), Present-day kinematics of the Middle East and eastern
editerranean, Journal of Geophysical Research, 99(B6), 12071-12090.
=g  C. Beaumont, and P. Fullsack (1993), Mechanical model for the tectonics of
doubly vergent compressional orogens, Geology, 21(4), 371-374.
Wyin, R. B., P. P. E. Weaver, D. G. Masson, and D. A. V. Stow (2002), Turbidite
LB\epositional architecture across three interconnected deep-water basins on the
rth-west African margin, Sedimentology, 49(4), 669-695.
Ya@/), P. V., and M. K. Clark (2014), Conservation and redistribution of crust during
e Indo-Asian collision, Tectonics, 33(6), 2013TC003469.
Yilﬁaz, A., S. Adamia, A. Chabukiani, T. Chkhotua, K. Erdogan, S. Tuzcu, and M.
arabiyikoglu (2000), Structural correlation of the southern Transcaucasus
eorgia)-eastern Pontides (Turkey), in Tectonics and Magmatism in Turkey and
e Surrounding Area, edited by E. Bozkurt, J. A. Winchester and J. D. A. Piper,
. 171-182, Geological Society of London Special Pubications 173, London.
YilmazyY. (1993), New evidence and model on the evolution of the southeast Anatolian
ﬁrogen, Geological Society of America Bulletin, 105(2), 251-271.

82
This article is protected by copyright. All rights reserved.



Zakariadze, G. S., Y. Dilek, S. A. Adamia, R. E. Oberhénsli, S. F. Karpenko, B. A.
Bazylev, and N. Solov'eva (2007), Geochemistry and geochronology of the
Neoproterozoic Pan-African Transcaucasian Massif (Republic of Georgia) and
implications for island arc evolution of the late Precambrian Arabian—Nubian
Shield, Gondwana Research, 11(1-2), 92-108.

ZdiJashayili, V. Y. (1957), K-37-XII, Ministry of Geology and Mineral Protection USSR,

0SCOW.

Zom, L. P.,and X. Le Pichon (1986), Deep basins of the Black Sea and Caspian

as remnants of Mesozoic back-arc basins, Tectonophysics, 123, 181-211.
Zpenshain, L. P., M. I. Kuzmin, L. M. Natapov, and B. M. Page (1990), Alpine-
Himalayan Foldbelt Within the USSR, in Geology of the USSR: A Plate-Tectonic
Hnthesis, edited, pp. 168-198, American Geophysical Union.
ZowyPE."®008), Tomographic evidence of slab detachment beneath eastern Turkey and the
aucasus, Geophysical Journal International, 175(3), 1273-1282.

Author Manus

83
This article is protected by copyright. All rights reserved.



Eurasia

Upper plate (Eu) shortening
Shortening deficit'
Lower pl (Ab, In) shortening

44% Deficit ( of total convergence)
Bar height = post-collisional.plate convergence.

o 35
[~ >200 km Missing I 10
[ 29.5 -
o = Plate circuit
_ P e e )
= ~500 km Crustal £ 26
ar Shortening ! = s==s====c------__-
="k A E] = =sssssssssssssssss
E L > i
s =
st = GPS
ol [} ¥
ssh \ é 0= ~30% decrease in b
8 € 42 Onset of Arabia- o rate since ~5 Ma 19
| Eurasia collision ¢ sl
s (35to0 27 Ma) 5
= O . N
=L P1(32.70°N, 50.38°E) 10k P2 (33.0°N, 46.0°E)
NEREE EREEE FEREE AR FNERE FREE | | ! | | | ] | I |
60 50 40 30 20 10 0 5 4 3 2 1 0
Age (Ma) Age (Ma)

Figure 1. (a) Comparison of crustal - shortening deficits in the Arabia - Eurasia and India - Eurasia collisions within the Alpine-Himalaya belt [modified from
van Hinsbergen et al., 2012]. Total bar height indicates amount of post-collisional plate convergence expected at the lower-plate reference points
(locations approximated by stars). Green and blue bars show amount of observed upper- and lower-plate crustal shortening, respectively. Red bars
indicate apparent shortening deficits. Values for India - Eurasian collision are from van Hinsbergen et al. [2012]; convergence and shortening-deficit
information for Arabia - Eurasia collision are from Hatzfeld and Molnar [2010] and McQuarrie and van Hinsbergen [2013]. White dots indicate detrital zircon
samples of modern rivers draining East European Craton reported by Wang et al. [2011]. Base image is the World Imagery Basemap Layer from ESRI. (b)
Plot showing distance Arabian reference point P1 (Figure 2b) traveled relative to Eurasia over time [after Hatzfeld and Molnar, 2010]. Numbers above line
segments give incremental convergence rates (in mm/y). Gray box spans range of current estimates for age of onset of Ab-Eu collision; lower-left and
upper-right corners indicate the maximum (~900 km) and minimum (~700 km) magnitudes of post-collisional Ab-Eu convergence, respectively. Arrows
indicate the > 200 km difference (red arrow) between magnitude of post-collisional convergence (700 to 900 km, gray box) and estimated upper-plate
shortening (~500 km, blue arrow) reported by McQuarrie and van Hinsbergen [, 2013]. (c) Plot of Ab-Eu convergence rate over time for reference point P2
(Figure 2b) [after Austermann and laffaldano, 2013]. Red lines with dashed confidence bounds are computed from a plate circuit, the point with error bars
is determined from GPS geodesy. Note the ~30% decrease in Ab-Eu convergence rate over the last 5 Ma. Rates at ~5Ma differ between the two panels (i.e.,
20 mm/yr in B and 30 mm/yr in C) because they were computed using different stages (and thus average over different time intervals), reference points,
and rotation poles [g'a see details in Austermann and laffaldano, 2013; McQuarrie et al., 2003].
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Figure 2. (a) Simplified tectonic map of Greater and Lesser Caucasus, showing locations of main structures and new U-Pb detrital zircon samples
(diamonds: bedrock sandstone; stars: modern river sediment, with catchments delineated by black lines edged in white). Dots denote locations of
previously reported detrital zircon [white fill, Allen et al., 2006; Vincent et al., 2013] and provenance analyses [gray fill, Vincent et al., 2014; Vincent et al.,
2013; Vincent et al., 2007] discussed in text; see Figure 6 for additional sample numbers. Fault geometries are simplified on northern margin of central
Greater Caucasus and shown as north-directed thrusts; true geometries are south-directed backthrusts above a triangle zone at the leading edge of a
generally north-directed thrust system [e.g., Sobornov, 1994; Sobornov, 1996]. MCT: Main Caucasus Thrust. Basement massifs: DM - Dzirula, KM -
Khrami, LM - Loki, and DkM - Dzarkuniatz. Boxes indicate locations of cross sections in Figures 2c and 4. (b) Map of Arabia-Eurasia collision zone; black
lines indicate major structural systems; red arrows show motion of Arabia relative to Eurasia from the 2010 GEODVEL model, with numbers indicating
rates in mm/yr [Argus et al., 2010]; red dots are reference points for plots of plate convergence (P1) and rate (P2) over time (see Figure 1); white dots are
published detrital zircon samples from Oligo-Pliocene sandstone [Vincent et al., 2013]; dashed yellow lines indicate Bitlis and Izmir-Ankara-Erzincan-Se-
van-Akera (IAESA) sutures [Rolland et al., 2012] bounding the ATA (Anatolide-Tauride-Armenian) block, which contains the South Armenian Block and is
bound to the south by the East Anatolian Accretionary Complex (EAAC). WCF: West Caspian Fault [Allen et al., 2003]. (c) North-dipping zone of
earthquakes extending to ~160 km beneath the Greater Caucasus indicates subducted basement of the relict ocean basin. Panels a-b after Forte et al.
[2014]; Panel c after My.mladze etal.[2015].
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Figure 3. Field photographs showing units and structural relations at locations indicated in Figure S1. (a) Foliated Variscan basement gneiss intruded by
foliation-parallel mafic dikes of inferred Middle Jurassic age in the hanging wall of the Main Caucasus Thrust. Unit ages from Gubkina and Ermakov [1989]. (b)
Flyschoid sedimentary rocks south of the Main Caucasus Thrust reported to be either Early-Middle Jurassic [Kandelaki and Kakhazdze, 1957] or Early Cretaceous
(Hauterivian) [Gudjabidze, 2003] in age. (c) Volcaniclastic conglomerate and breccia of Late Jurassic (Kimmeridgian) age [Melnikov and Popova, 1975] in the
southwestern part of the Greater Caucasus thrust belt. (d) Pillow basalts of Early to Middle Jurassic age [Melnikov and Popova, 1975] within the thrust belt. (e)
Well-bedded, coarse-grained siliciclastic deposits of Late Cretaceous to Eocene age [Kandelaki and Kakhazdze, 1957] hosting olistostromes containing blocks of
probable Cretaceous-aged carbonate.
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Figure 4. Preliminary line-length balanced regional cross section across the western Greater Caucasus at ~42°E at location shown in Figure 2a. Section was constructed from the surface geology as
reported on 1:200,000-scale Soviet geologic map sheets K38-XIlI [Dzhanelidze and Kandelaki, 1957, K38-VIIl [Melnikov and Popova, 1975], K38-VIl [Gamkrelidze and Kakhazdze, 1959], K38-II [Ki
1959], K38-I [Potapenko, 1964], K37-XVIIl [Kandelaki, 1957], and K37-XII [Zdilashavili, 1957]. Moho depth from Zor [2008]. Total shortening of ~130 km is determined by line-length balancing the
basement-cover contact between the pink and purple umts The retro -deformable nature of this cross section makes it a step forward in quantifying shortening estimates in the Greater Caucasus over
in the vicinity of the surface trace of this cross section indicates that future refinement of this shortening estimate is

previous sections [e.g., Dotduyev, 1986]. H
expected [e.g., Trexler et al., 2015].
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Figure 5. Detrital zircon U-Pb ages from the Caucasus region and an analysis of their provenance implications. Bold sample names indicate
results from the present study, those in gray are published analyses of 5 Oligo-Pliocene sandstones [Vincent et al., 2013], modern sediment
from the Dnieper, Don, and Volga rivers [Wang et al., 2011], and 1 Jurassic (Bajocian) sandstone [Allen et al., 2006]. See Figures 1a and 2a for
sample locations. Note separation of samples into distinct northern (Variscan and East European Craton) and southern (Lesser Caucasus and
Achara-Trialet) provenance domains. All southern samples show minimal evidence of contribution from the northern source (i.e., SE-GC,
SW-GC and Tovuz River), except for Miocene sandstone samples (WG95/1 and WG66¢/2), which are inferred here to have been deposited out
in the Greater Caucasus Basin after it started to close. Modern sediments from rivers draining the Greater Caucasus (Inguri, Kumuk, Kura)
reflect mixing of northern and southern sources, indicating their catchments span both domains. Modern sediments from Russian rivers
draining the East European Craton show provenance patterns that are largely distinct from the Caucasus samples, as noted previously [Allen
etal,, 2006; Vincent et al., 2013]. (a) Age spectra shown as PDP and KDE curves [Vermeesch, 2012]; see panel b for legend. Samples are
grouped and colored according to source areas determined in panel D from analysis of likeness (L) values [Satkoski et al., 2013]. Red boxes
indicate reported depositional ages, vertical colored bars indicate age spans inferred to be diagnostic of particular source areas, with blue
and green bars denoting the northern (Variscan) and southern (Lesser Caucasus) source areas, respectively. (b) Legend explaining symbols
used on panel a. (c) Plot showing maximum possible likeness value (L) as a function of sample size n (number of U-Pb ages in the detrital
zircon sample), determined by sampling with replacement from a 4000-grain detrital zircon age dataset [Pullen et al., 2014]. Note that L
increases with increasing n, but rate of increase decreases with n > 300. (d) Correlation matrix of normalized likeness values (L) for all samples.
Four groups of samples can be defined on the basis of the L-value correlation: East European Craton, Variscan, Mixed (East European Craton +
Variscan), and L_gs‘aer Caucasus (see text for discussion).
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Figure 6. Sample locations with respect to detrital zircon provenance domains and inferred buried suture zone (geometry approximate). The location of
the suture is too poorly known to show it as a discrete line, although current data indicate it is buried somewhere within the indicated zone. Additional
field investigation is required to refine the location and surficial expression of the buried suture, and determine how the basin geometry evolved over
time. Colors for Variscan, Lesser Caucasus, and Achara-Trialet provenance domains correspond to those used in Figure 2a. Regions concealed by younger
synorogenic and Plio-Quaternary sediments shown in light gray. Diamonds and stars indicate detrital zircon samples of bedrock sandstone and modern
river sediment, respectively; black lines with white edges delineate catchments above modern river samples. White dots indicate previously reported
detrital zircon analyses of Oligo-Miocene [Vincent et al., 2013] and Jurassic (Bajocian) [Allen et al., 2006] sandstone. Gray dots show locations of other
published provenance data discussed in text, including 3 samples at the Chanis River section (WG28b/3, WG28c/5, WG28c/1, and WG27/4) [Vincent et
al., 2014; Vincent et al., 2013; Vincent et al., 2007]. Schematic cross sections indicate that basin was wide during latest Cretaceous to Paleocene time, but
narrow both during Jurassic opening and late Miocene closure (ATA: Anatolide-Tauride-Armenian block; B-P: Bitlis-P6tlirge; EAAC: East Anatolian
Accretionary Complex).
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Figure 7. Map of Eocene magmatic rocks in Asia Minor showing a salient in the Lesser
Caucasus and Talysh relative to the Pontides and Alborz to the west and east, respectively.
Thick green dotted line indicates a rough estimate of the current (deformed) geometry,
which appears to be deflected to the northeast by as much as 300 km relative to an assumed
original geometry (thin green dotted line), prior to closure of the Greater Caucasus Basin
[modified from Allen and Armstrong, 2008]. Heavy black line shows position of Bitlis-Zagros
suture at present only. During Eocene this suture was well south of the position shown here
at a location not restored in the figure. Because only Eocene rocks are shown, any bending
that occurred to produce the pattern shown here must postdate any earlier phases of
oroclinal bending implied by paleomagnetic data [e.g., Meijers et al., 2016 in press]. The
significance of the apparent eastward decrease in deflection magnitude in the Talysh is
unclear. The original geometry of the belt is not well known and it may be that the thin green
dotted line should be farther south at ~48°E. Alternatively, the Greater Caucasus basin may
have narrowed eastwards. The reconstruction here is not precluded by Eocene magmatic
rocks south of the dotted line that are due to other Neotethyan arcs/basins south of the
Lesser Caucasus-Talysh system.
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igure 8. Mesozoic-present tectonic evolution of the central Arabia-Eurasia collision zone shown schematically in map (top) and cross-section (bottom) views (T’s on late
Miocene map indicate approximate location of section). Middle Jurassic: backarc rifting of the Pontide-Lesser Caucasus arc opens the Black Sea, Caucasus, and South Caspian
basins. Light gray color represents extended continental crust and/or transitional oceanic crust. Paleocene: The IAESA (Sevan) suture had either already closed in the latest
retaceous (~73-71 Ma) [Rolland et al., 2009; Rolland et al., 2012] or did so in Paleocene time [Sosson et al., 2010] via collision of the Lesser Caucasus arc and Anatolide-Tau-
ride-Armenian. Eocene-Oligocene: closure of the Bitlis suture results in soft collision between Arabia and the Bitlis-Pétiirge massif, causing the locus of convergence to jump
northward, initiating subduction of the Caucasus relict back-arc basin. Oligo-Miocene: Ab-Eu plate convergence accommodated by subduction of the Greater Caucasus Basin
/MM eneath the Greater Caucasus and growth of East Anatolian Accretionary Complex, with minimal reduction in plate convergence rate. Mio-Pliocene: collision of the Lesser
Caucasus arc with the Eurasian basement to the north at ~5 Ma leads to hard collision and accelerated uplift/exhumation of the Greater Caucasus Mountains. Geometries of
ridges (paired lines) and transforms (single lines) in backarc basin are completely conjectural (black = active rifting, grey = relict). Black Sea geometry simplified by omission of
hatsky Ridge. Arrowed semi-circles indicate inferred vertical-axis rotation and oroclinal bending of Pontide-Lesser Caucasus Arc. Barbed lines indicate subduction (solid) or
sutures (hollow), barbs on upper plate. ATA: Anatolide-Tauride-Armenian block; B-P: Bitlis-P6tiirge; BKF: Borjomi-Kazbegi fault; EAAC: East Anatolian Accretionary Complex; EAF:
East Anatolian fault; GC: Greater Caucasus; LC: Lesser Caucasus; MRF: Main Recent Fault; NAF: North Anatolian fault; WCF: West Caspian fault. Adapted from Zonenshain and Le
Pichgﬁ[-1986], Sengér et al. [2003], Sosson et al. [2010], Rolland et al. [2012], Allen et al. [2003], Allen and Armstrong [2008], and Stampfli and Borel [2002].
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Figure 9. Both deficits and balances of upper crustal shortening should be expected within collisional orogens. Diagrams show the distribution of plate
convergence into end-member components of (a) subduction without accretion, which produces no crustal shortening, (b) subduction with full
accretion, in which convergence is fully recorded by crustal shortening, and (c) pure shear shortening of the orogen, which shortens the crust but does
not contribute to subduction. The center panel (d) shows the most general case, where all three mechanisms operate simultaneously. In this general case,
itis possible for plate convergence to either be equal to or exceed crustal shortening. Likewise, crustal shortening can be less than, equal to, or greater
than the length of slab subducted since collision.
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