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a  b  s  t  r  a  c  t

Orogens  formed  by  a combination  of  subduction  and  accretion  are  featured  by  a  short-lived  collisional
history.  They  preserve  crustal  geometries  acquired  prior  to the  collisional  event.  These  geometries  com-
prise  obducted  oceanic  crust  sequences  that may  propagate  somewhat  far away  from  the  suture  zone,
preserved  accretionary  prism  and  subduction  channel  at the  interplate  boundary.  The  cessation  of  defor-
mation  is  ascribed  to  rapid  jump  of  the  subduction  zone  at  the  passive  margin  rim  of the  opposite  side
of the  accreted  block.  Geological  investigation  and 40Ar/39Ar  dating  on  the  main  tectonic  boundaries  of
the Anatolide–Tauride–Armenian  (ATA)  block  in  Eastern  Turkey,  Armenia  and  Georgia  provide  temporal
constraints  of  subduction  and  accretion  on  both  sides  of  this  small  continental  block,  and  final  collisional
history  of  Eurasian  and  Arabian  plates.  On  the  northern  side, 40Ar/39Ar  ages  give  insights  for  the  sub-
duction  and  collage  from  the Middle  to  Upper  Cretaceous  (95–80  Ma).  To  the  south,  younger  magmatic
and  metamorphic  ages  exhibit  subduction  of  Neotethys  and  accretion  of the  Bitlis–Pütürge  block  during
the Upper  Cretaceous  (74–71  Ma).  These  data  are  interpreted  as a  subduction  jump  from  the  northern  to

the southern  boundary  of the  ATA  continental  block  at 80–75  Ma.  Similar  back-arc  type  geochemistry  of
obducted  ophiolites  in  the  two  subduction–accretion  domains  point  to a similar  intra-oceanic  evolution
prior  to  accretion,  featured  by  slab  steepening  and  roll-back  as  for the  current  Mediterranean  domain.
Final  closure  of  Neotethys  and  initiation  of  collision  with  Arabian  Plate  occurred  in  the  Middle-Upper
Eocene  as  featured  by  the  development  of  a  Himalayan-type  thrust  sheet  exhuming  amphibolite  facies
rocks in  its  hanging-wall  at c. 48  Ma.
. Introduction

The structures of orogens resulting from the accretion (or
collage’) of small continental blocks are most often obliter-
ted in the following collisional history of larger continental
locks, which will eventually transpose the accretion belt (e.g.,
anderhaeghe, 2012; Rolland et al., 2012). In this concern, the
astern Anatolia–Lesser Caucasus tectonic domain provides a rare
xample of preserved geometries formed by subduction of oceanic
omains and subduction–accretion of continental blocks. The his-

ory of this large tectonic belt is still largely unconstrained because
f the lack of key geochronological data on the main suture zones. In
articular, the timing of block accretions and along-belt lateral cor-
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relations remain the focus of ongoing research. We  present here a
synthesis of recent data acquired on the Georgia–Armenia–Eastern
Turkey transect, along with some unpublished petrologic and
40Ar/39Ar geochronological data. These data allow integrating the
accretion history of blocks between the Georgian Eurasian margin
and Arabian, along a N–S transect from the Lesser Caucasus in the
north to the Taurides in the South, on both sides of the so-called
‘Anatolide–Tauride–Armenian’ (ATA) continental block.

2. Geological setting

For the detailed geology we  refer to papers by Galoyan et al.

(2009),  Sosson et al. (2010),  and Rolland et al. (2009a,b, 2010, 2011)
for the geology of the northern (Armenia–Georgia–Azerbaijan) part
and to Perinç ek and Özkaya (1981),  Kaymakci et al. (2009, 2010) and
Yılmaz (1993) for the southern Turkish part of the transect. Main

dx.doi.org/10.1016/j.jog.2011.08.006
http://www.sciencedirect.com/science/journal/02643707
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Fig. 1. Sketch of geological map  of the Caucasus region, showing the locatio

eological features of the Lesser Caucasus are summarized below
rom north to south.
.1. Main tectonic sutures

Two main suture zones are defined along strike of the Turkish-
rmenian collision zone (Figs. 1 and 2):

Gondwana derived

Arabian Margin

Bitlis-Puturge

Taurides-Anatolid

Low

East
Anatolian
Fault ophiolitic melanges

Fig. 2. Crustal-scale cross-section of the Great Caucasus–
, North Armenian flysch and B, Enlarged map of SE Turkey shown on Fig. 7.

(1) The Izmir–Ankara–Erzincan suture in Turkey, with its east-
ern extension in Northern Armenia, the Amassia–Sevan suture,
which separates the ATA continental block(s) from the Eurasian
margin to the North in Georgia. This suture records formation of

Neotethyan back-arc oceanic crust in the Middle-Upper Jurassic
(Galoyan et al., 2007, 2009; Rolland et al., 2009a, 2010, 2011).
Subduction of the oceanic domain separating the ATA block
from the Eurasian margin ended in the early Upper Cretaceous.

Eurasia

e-Armenian Block

Eurasian Margin

Great Caucasus

 Velocity Mantle

Fig. 3

Arabia transect, modified after Sosson et al. (2010).
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Fig. 3. Interpretative crustal-scale sketch cross-section

Blueschists dated at 100–90 Ma  are recorded in both NW Turkey
(Okay et al., 2006) and North Armenia (Rolland et al., 2009a).
Obduction of the Armenian ophiolites onto the ATA block(s)
occurred in the Coniacian-Santonian (c. 85 Ma;  Sosson et al.,
2010) prior to suturing in the Upper Cretaceous-Lower Pale-
ocene (71–73 Ma,  Rolland et al., 2009a, 2011).

2) To the south, the main suture separating the ATA block(s)
from the Arabian plate is the Pütürge–Bitlis–Zagros suture
zone, which witnessesed northward subduction of Neo-Tethys
below the Iranian and ATA active margins (e.g., Agard et al.,
2005 and references therein; Figs. 1 and 2). Ophiolitic rocks
are found both sides of the Pütürge–Bitlis continental massif
(Fig. 4), indicating that the Bitlis has been a separate crustal
block (Oberhänsli et al., 2010). Further east in Oman, obduc-
tion of the Semaï ophiolite onto the Arabian margin occurred at
c. 85 Ma  (Ricou et al., 1986). Later on, continental subduction
of the Bitlis–Pütürge Massif below the ATA block(s) is doc-
umented by white mica Ar–Ar age of 74 ± 2 Ma  (Oberhänsli
et al., 2010), supported by white mica and whole rock K–Ar
ages of ∼74–71 Ma  (Göncüoğlu and Turhan, 1984; Hempton,
1985). Uplift and final exhumation of the Bitlis range (T < 120 ◦C)
by 18–13 Ma  is documented on the basis of apatite fission
track dating (Okay et al., 2010). Further collision of the Arabian
margin below the Bitlis–Pütürge is still debated but has been
proposed as Late Eocene–Oligocene on the basis of structural
and stratigraphic data (Fig. 4). Hempton (1985) proposed a mid
to late Eocene age, while Yılmaz (1993) proposed a Late Eocene
to Oligocene age and finally Robertson postulated a post-Eocene
(probably Oligocene) age for closure of the southern branch of
Neotethys. Molassic sedimentary markers of continental uplift
are identified since the Lower Oligocene (Hüsing et al., 2009 and
references therein). Uplift rapidly transferred into the whole
Lesser Caucasus belt and reached the Great Caucasus in the ear-
liest Oligocene (Vincent et al., 2005). Accordingly, in the Zagros,
Agard et al. (2005) suggest collision shortly after 35 Ma  prior to
late Oligocene sedimentation.

.2. Obducted ophiolite sequences
The Lesser Caucasus orogen preserves an obducted ophiolite
equence, outcropping along the NE Turkey, Armenia and SW
rzerbaijan areas (Figs. 1 and 2). Lordkipanidze et al. (1989) first
e SE Turkey–Georgian transect (see position on Fig. 2).

suggested a Middle Jurassic ‘Mariana-type’ subduction in this
(Lesser Caucasus) region. The oceanic crust lithologies within the
ophiolite nappe are Late Jurassic in age (170–160 Ma;  Danelian
et al., 2008; Galoyan et al., 2009; Rolland et al., 2009b, 2010). They
have a geochemical composition intermediate between MORB and
arc series, while being emplaced in deep marine slow-spreading
basins. These features are interpreted as representative of an intra-
oceanic back-arc basin. The ophiolites were obducted to the south
over the Tauride–Anatolian–Armenian block(s) (Figs. 2 and 3)
during the Coniacian-Santonian times (∼85 Ma;  see previous para-
graph). Some blueschist facies metamorphic rocks are found in
tectonic windows, and are structurally below the ophiolite with HP-
LT stage at 94–90 Ma  followed by a retrograde Green Schist/Epidote
Amphibolite metamorphism (∼500 ◦C) during exhumation in the
Late Cretaceous at 71–74 Ma  (Rolland et al., 2009a).  Arc-related vol-
canic rocks found on top of the ophiolite and HP rocks evidence
N-dipping subduction, which was  active before the continental
block underthrusting below the ophiolite (Galoyan et al., 2007,
2009; Rolland et al., 2009a).  In the same time, the northern
margin of the remaining oceanic domain was still subducting
below Eurasia, leading to a very thick Andean margin built onto
the Georgian continental basement in the Jurassic and Lower
Cretaceous (Adamia et al., 1981; Rolland et al., 2011). Follow-
ing the phase of continental subduction or ophiolite obduction,
the ophiolite was partly eroded and overlain by conglomerates
and some platform-type carbonates. The remaining basin clo-
sure occurred shortly after, by the entry of the South-Armenian
block and obducted ophiolite into the north subduction sys-
tem. Due to the blocking of the northern subduction zone, a
new subduction zone was rapidly activated to the south of
the ATA block(s). This more southerly subduction is shown by
blueschists of the Bitlis massif (SE Turkey) dated at 74 ± 2 Ma
(Oberhänsli et al., 2010). Therefore, due to the stopping of sub-
duction motions on the northern rim of the ATA block(s), the
overall geometry preserved in NE Armenia–Karabakh region is that
of an active margin similar to the current situation of the Andes
(Rolland et al., 2011). Preliminar geological investigations allow
the reconstruction of a geological section showing the oceanic

crust-accretionary prism contact preserved (Fig. 3). Only very
slight Cenozoic deformation has occurred along the Sevan–Akera
suture zone, which is partly reactivated along the northern side of
Sevan Lake (Galoyan et al., 2009). In the Karabakh region, this late
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temperature metamorphosed fluorite-bearing white marble layers
Fig. 4. Sketch of geological map  and geological cross-section of SE Turkey Tau

eactivation is shown by large wave-length folds and some discrete
aults.

. Geochemistry of SE Turkey obducted ophiolite sequences

Three representative samples of the Maden volcanic unit, which
omprises ophiolitic material outcropping to the north of the
itlis–Pütürge massif (Fig. 4) are used to infer the geodynamic set-
ing of this oceanic segment. Analyses were undertaken at the CRPG
Nancy), details on procedures can be seen on http://helium.crpg-
ancy.fr/SARM. Results are summarized in Table 1 and Fig. 5. The
hree samples are of andesitic (Loc44), basaltic (Loc46), andesitic
asalt (Loc53) compositions, respectively considering their major
lement composition. Trace element contents show a calc-alkaline
Loc44) to tholeiitic (Loc46) volcanic arc affinity, supported by
b–Ta and Ti depletions on MORB-normalized plots. The gabbro

ample (Loc46) has a composition similar to those of back-arc
asalts (Cabanis and Lecolle, 1989) with a strong tholeiitic com-
osition and a slight subduction component. The three samples
re therefore indicative of an immature to mature arc system,
mplaced between the ATA and Arabian margins, thrusted over
he Bitlis–Pütürge continental unit. These data agree with petro-
eochemical data of Late Cretaceous ophiolites to the South of
aurides in Turkey, Troodos in Cyprus and Baer-Bassit in Syria.
t is widely known at a regional scale that these ophiolites

ormed in a supra-subduction zone environment (e.g., Lytwyn
nd Casey, 1993; Yalınız et al., 1996; Floyd et al., 2000; Parlak
t al., 1996, 2000, 2009; Robertson, 2002; Kuscu et al., 2010)
Tables 2 and 3).
Anatolides belt, with locations of analysed samples. EAF, East Anatolian Fault.

4. 40Ar/39Ar dating

4.1. Analytical techniques

White micas and amphiboles were analysed by electron micro-
probe (EPM) analysis to check whether the mineral compositions
are homogeneous from core to rim. EPM analysis was done in Blaise
Pascal University (Clermont-Ferrand) with a Cameca SX100 elec-
tron microprobe in Clermont Ferrand University, using a 15 kV and
1 nA beam current, with natural samples as standards. Grains less
than 500 �m were separated by careful selection by hand-picking
under a binocular microscope, to prevent the presence of altered
grains. Analyses of the single grains of amphibole and white mica of
250–500 �m size (∼0.2 mg)  were undertaken by step heating with a
50 W CO2 Synrad 48-5 continuous laser beam. Measurement of iso-
topic ratios was  done with a VG3600 mass spectrometer, equipped
with a Daly detector system; we refer to Jourdan et al. (2006)
for details of the procedure. Summary of results are presented in
Table 1 and Figs. 4 and 5, and are discussed below.

4.2. Dating of the Keban-Malatya metamorphic complex

The Keban-Malatya metamorphic complex comprises high-
(sample Loc49, Fig. 6C), which provided a Muscovite age of
73.8 ± 0.3 Ma  (Fig. 7A). This metamorphism is related to a high
geothermal gradient related to supra-subduction magmatism in
the ATA block(s) during the Campanian.

http://helium.crpg-nancy.fr/SARM
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Table  1
Geochemical data of magmatic rocks from Maden Unit (SE Turkey).

Sample no LOC44 LOC46 LOC53
Rock type Andesite Gabbro Basalt
SiO2 (%) 59.26 46.90 50.93
TiO2 (%) 0.71 1.12 1.83
Al2O3 (%) 13.65 17.02 15.49
Fe2O3 (%) 8.06 11.06 12.02
FeO  (%)
MnO  (%) 0.14 0.24 0.14
MgO  (%) 4.14 7.16 5.16
CaO  (%) 7.42 10.67 4.17
Na2O (%) 2.06 2.73 4.42
K2O (%) 0.33 0.62 0.54
P2O5 (%) 0.08 0.21 0.45
LOI  (%) 3.83 1.96 3.70
H2O

Total (%) 99.68 99.69 98.85

Ba  (ppm) 32 168 35
Rb  (ppm) 6.0 9.1 11.2
Sr (ppm) 127 314 156
Ta  (ppm) 0.05 0.16 0.66
Th  (ppm) 0.34 0.67 1.26
Zr  (ppm) 64 49 310
Nb  (ppm) 0.6 2.6 8.2
Y (ppm) 25.60 25.90 92.10
Hf  (ppm) 1.99 1.59 8.20
V  (ppm) 223 348 123
Cr  (ppm) 86 110 8
Ni  (ppm) 29.1 36.4 10.1
Co  (ppm) 22 35 18
U  (ppm) 0.21 0.18 0.33
Cu  (ppm) 44 56 24
Zn  (ppm) 73 101 136
Pb  (ppm) 2.03 2.22 2.27
Cs  (ppm) 0.14 3.22 0.32
La  (ppm) 3.1 11.3 13.7
Ce  (ppm) 7.9 24.7 36.2
Pr  (ppm) 1.23 3.30 5.42
Nd  (ppm) 7.6 17.0 31.1
Sm  (ppm) 2.61 4.18 9.74
Eu  (ppm) 0.79 1.41 2.96
Gd  (ppm) 3.39 4.23 11.90
Tb  (ppm) 0.60 0.69 2.15
Dy (ppm) 4.10 4.33 14.60
Ho  (ppm) 0.89 0.89 3.22
Er  (ppm) 2.67 2.58 9.56
Tm  (ppm) 0.41 0.40 1.47
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Fig. 5. Geochemical features of Maden magmatic rocks, including Late Cretaceous
volcanics (location 44 in Fig. 4), gabbro (location 46 in Fig. 4) and basalt (location

The sequence of events is regarded as a succession of accretions
Yb  (ppm) 2.89 2.79 10.10
Lu  (ppm) 0.46 0.43 1.56

.3. Dating of the Maden magmatic unit

South of the Malatya metamorphic complex, at the base of
aden magmatic unit, the gabbro sample (Loc46, Fig. 6D) com-

rising back-arc geochemical signature (discussed in Section 3)
rovided an unexpected young age of c. 80 Ma.  Two amphi-
ole single-grain dating experiments (K138 and K123) provided
8.7 ± 1.0 Ma  and 81.9 ± 0.6 Ma,  respectively (Fig. 7B and C). The
light difference in age of the two experiments is ascribed to min-
ral crystallization discrepancies, as amphibole crystallized during
ossibly long hydrothermal process (e.g., Rolland et al., 2009c).
hese geochemical and geochronological data are interpreted as
he indication of a syn-convergence arc-related basin in the Lower
ampanian, which likely closed in the Upper Campanian.

.4. Dating of the Pütürge metamorphic unit
South of this oceanic suture, Pütürge micaschists (Loc28, Fig. 6E
nd F) exhibit an Upper Campanian age of 70.7 ± 0.3 Ma  on phengite
Fig. 7D), which indicates that HP metamorphism, and thus subduc-
ion of the Pütürge unit below the Malatya complex, occurred at this
53  in Fig. 4) from the ophiolitic sole. A, MORB-Normalized plots and B, Cabanis and
Lecolle (1989) diagram.

time. This age is similar to that of HP metamorphism in the Bitlis
unit (Oberhänsli et al., 2010). This data evidence that Pütürge and
Bitlis units underwent a similar tectonic history.

4.5. Dating of the basal shear zone of Pütürge metamorphic unit

At the base of the Pütürge unit, amphibolites were sampled
along a broad top-to-the South shear zone (Loc 59, Fig. 6G–I). Ther-
mobarometry performed on sample Loc 59 yields P–T estimates
of 6.0 ± 0.5 kbar and 550 ± 25 ◦C (Fig. 8). P–T data agree for burial
of metabasalt/metagabbro lithologies tightly folded with meta-
sediments, within a hot geothermal gradient of ∼23 ◦C km−1. These
rocks exhibit much younger ages than for the rest of the section.
Ar–Ar dating yielded an age of 48.0 ± 0.8 Ma  (Fig. 7E). In our inter-
pretation, the amphibolites likely provide the time for the tectonic
transport of the Pütürge onto the Arabian margin, featured by
top-to-south sense of shear marked by the metamorphic miner-
als (Fig. 6H), and thus exhumation of the Pütürge-Malatya units, in
the Lutetian (Eocene) times.

5. Discussion

In the following, we propose a synthesis for the timing of
geodynamic events in the formation of the Caucasus orogen.
following a short continental subduction period, resulting in a
‘growing southward’ Eurasian margin. The dating of main Lesser
Caucasus–East Anatolia suture zones are integrated into a sketch
evolutionary model (Fig. 9), which is discussed below.
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Table  2
Summary of 40Ar/39Ar dating results from Lesser Caucasus magmatic and metamorphic rocks.

Sample noStep no Laser power (mW)  Atmospheric content (%) 39Ar (%) 37ArCa/39ArK
40Ar*/39ArK (±1 s) Age (Ma  ± 1 s)

K121-Loc49 Muscovite/J: 0.0034/plateau age: 73.8 ± 0.3 Ma  (2 s-100% 39Ar)/inverse isochron age: 73.0 ± 0.5 Ma  (2 s-100% 39Ar, MSWD:  2.08)
1  442 8.77 4.3 – 12.49 ± 0.12 75.4 ± 0.7
2 483 4.16  12.2 – 12.28 ± 0.05 74.2 ± 0.3
3  503 2.29 12.1 0.15 12.36 ± 0.06 74.7 ± 0.4
4 515  0.00 3.1 – 12.40 ± 0.15 74.9 ± 0.9
5  3333 2.07 68.3 – 12.16 ± 0.04 73.5 ± 0.2

K123-Loc46  Amphibole/J: 0.0034/plateau age: 81.9 ± 0.6 Ma  (2 s-99% 39Ar)/inverse isochron age: 79.9 ± 0.4 Ma  (2 s-100% 39Ar, MSWD:  1.16)
1  422 77.93 0.9 39.80 55.69 ± 3.89 315 ± 20
2 450 18.48  5.4 9.81 13.39 ± 0.28 80.9 ± 1.6
3 636 8.10  33.1 7.00 13.60 ± 0.08 82.1 ± 0.5
4 706  5.22 26.6 6.28 13.47 ± 0.08 81.4 ± 0.5
5  1200 7.99 34.1 7.73 13.62 ± 0.08 82.2 ± 0.5

K137-Loc28  phengite/J: 0.0035/plateau age: 70.7 ± 0.3 Ma  (2 s-89% 39Ar)/inverse isochron age: 77.5 ± 0.7 Ma  (2 s-89% 39Ar, MSWD:  0.12)
1  446 11.79 11.0 1.23 10.79 66.0 ± 0.6
2  557 0.31 52.4 0.01 11.56 70.7 ± 0.2
3 574  – 7.5 0.01 11.54 70.5 ± 0.6
4  593 – 13.0 – 11.58 70.8 ± 0.3
5 607 – 5.8  – 11.58 70.8 ± 0.4
6  620 – 3.1 0.03 11.62 71.0 ± 1.5
7 1888 –  7.1 0.29 11.75 71.8 ± 0.5

K138-Loc46  Amphibole (duplicate)/J: 0.0229/plateau age: 78.7 ± 1.0 Ma  (2 s-97.0% 39Ar)/inverse isochron age: 77.5 ± 0.7 Ma  (2 s-97% 39Ar, MSWD:  0.3)
1  464 80.71 1.0 15.04 8.43 ± 0.64 318 ± 22
2  494 92.31 0.4 4.90 0.21 ± 0.67 9 ± 28
3  543 46.88 1.5 5.31 1.16 ± 0.11 47.3 ± 4.5
4 626 18.28  25.4 6.13 1.93 ± 0.02 77.7 ± 0.9
5  670 11.63 49.9 5.45 1.96 ± 0.02 79.2 ± 0.7
6 700  7.88 2.7 6.16 1.97 ± 0.16 79.3 ± 6.1
7  1111 8.23 19.1 6.26 1.95 ± 0.02 78.7 ± 0.8

K139-Loc59  Amphibole/J: 0.0229/plateau age: 48.0 ± 0.8 Ma  (2 s-91.4% 39Ar)/inverse isochron age: 47.1 ± 1.2 Ma  (2 s-100% 39Ar, MSWD:  0.6)
1 458 63.77 1.8 2.63 1.67 ± 0.48 67 ± 19
2  509 55.50 2.6 2.52 1.24 ± 0.27 50 ± 11
3 558 24.14  3.2 5.26 1.03 ± 0.12 42.1 ± 5.0
4  642 28.23 42.4 10.47 1.16 ± 0.03 47.3 ± 1.2
5 697  15.37 41.1 10.78 1.19 ± 0.02 48.3 ± 0.9
6  726 2.75 2.1 9.27 1.21 ± 0.19 49.2 ± 7.7
7  1888 7.29 6.8 10.39 1.23 ± 0.15 50.1 ± 5.3

K201-AR0709  Amphibole/J: 0.0182/plateau age: 166.3 ± 1.8 Ma  (2 s-57% 39Ar)/inverse isochron age: 166.8 ± 0.5 Ma  (2 s-100% 39Ar, MSWD:  0.2)
1  400 99.0 1.3 5.36 1.35 44 ± 44
2 453  87.4 2.7 16.21 4.50 142 ± 18
3  524 50.7 21.7 103.11 4.71 148.1 ± 2.1
4  559 17.2 17.6 173.63 5.10 159.9 ± 1.4
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.1. The North Armenian flysch: evidence for Armenian block
ccretion to Eurasian Margin in the Coniacian-Santonian times

The North Armenian flysch unconformably overlies the
evan–Akera ophiolite. It is Coniacian-Santonian in age and seals
he suture zone (Sosson et al., 2010). The flysch structural posi-
ion is in front of a north-dipping subduction zone below the
urasian active margin of Georgia (Fig. 3). This time range is slightly
ounger (by several Ma)  to that of ophiolite obduction onto the ATA
lock(s). Rolland et al. (2011) reported Ar–Ar amphibole and mica
ges of ∼166–167 Ma  in a ∼10 m large block sampled within the

-Armenian flysch, directly south of the Eurasian margin suture
one (Fig. 6A and B). The metamorphic ages of the exotic block are
n agreement with provenance from the Georgian Eurasian base-

ent to the north. Although these exotic blocks could have been

able 3
PS coordinates (WGS grid) and geological units of analysed samples (SE Turkey).

Loc28 Pütürge metamorphics 

Loc44 Yuksekova-Campanian 

Loc46  Komurhan ophiolite Yuksekova 

Loc49  Keban (Malatya) metamorphics 

Loc53 Guleman (or Maden) volcanics 

Loc59  Metabasic sample/Pütürge thrust front 
24.0 269.63 5.29 165.6 ± 1.7
11.3 315.00 5.36 167.7 ± 1.8
21.2 399.83 5.32 166.4 ± 1.1

transported as turbiditic flows along a steep margin, the Eurasian
margin was  then already lying just north of the Armenian block.
Then this is clear that the back-arc basin separating the Armenian
block from the Eurasian margin was consequently closed at that
time.

5.2. Subduction jump in the Campanian times (75–80 Ma)

Until the Campanian most of the oceanic space between the
Eurasian and Arabian plates was  absorbed by subduction below
an intra-oceanic arc/back-arc system and along the Georgian active

margin, in a way similar as the current SW Pacific situation (Galoyan
et al., 2009; Rolland et al., 2009a).  The main geodynamic events
that occurred between the Eurasian and ATA block(s) margins are
(1) formation of a slow-spreading back-arc oceanic crust in the
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38◦19′53.20′′N 38◦30′38.90′′E
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38◦27′47.20′′N 39◦36′42.00′′E

38◦13′9.70′′N 39◦12′44.20′′E
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Fig. 6. Field and microphotographs of dated samples. (A) Micaschists (AR-07-07) and B, amphibolite (sample AR-07-08) sampled within a large (∼10 m size) block in the N
Armenian Upper Cretaceous flysch (location in Fig. 3), for details see Rolland et al. (2011). (C) Metamorphosed fluorite-bearing white marble layer (sample location 49 in Fig. 4)
in  the Keban-Malatya metamorphic complex (SE Turkey). (D) Gabbro sample (sample location 46 in Fig. 4) sampled at the base of Maden magmatic unit. (E and F) Pütürge
micaschists (sample location 28 in Fig. 4) and calc-schists are featured by tight folding and thin white-mica crystallization. (G) Amphibolites from frontal metamorphic sole
at  the base of the Pütürge unit (sample location 59 in Fig. 4). (H) Gneiss showing S-C fabrics with top-south sense of shear, directly above Loc 59 amphibolites. (I) Field
relationships showing amphibolites tightly folded with marbles at the base of the Pütürge unit (location 59 in Fig. 4).

Fig. 7. 40Ar/39Ar age spectra of dated SE Turkey samples. (A) Dating of sample Loc49, fluorite-bearing marble of Keban-Malatya unit. (B and C) Datings of amphiboles from
sample  Loc46, a gabbro of Maden Unit. (D) Dating of phengite from Pütürge metamorphic schists (Loc28). (E) Dating of the basal amphibolite facies shear zone of Pütürge
metamorphic unit (sample Loc59).
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Fig. 8. P–T path of amphibolites exposed along the hanging-wall of lower Pütürge
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nit. Thermobarometry performed on amphibolite sample (location 59 in Fig. 4)
as undertaken using PeRpLeX software computed with amphibolite major element

omposition (Connoly, 1990). Mineral abbreviations are after Kretz (1983).
pper Jurassic at the same time as the formation of the volcanic arc
mplaced onto the Georgian active margin of Eurasia, (2) emplace-
ent of intra-oceanic OIB-type seamounts at c. 117 Ma  and (3)

bduction of the ophiolite + OIB sequence onto the Armenian block

ig. 9. Simplified evolutionary geodynamic scenario proposed for the Lesser Caucasus–Ea
o  Barrier and Vrielynck (2008).
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at c. 85–90 Ma  (Rolland et al., 2009b).  Timing of blueschist and col-
lisional metamorphism in the Stepanavan area are constrained at
90–100 Ma  and 71–73 Ma,  respectively. In Armenia, the ophiolite
obduction and block-Eurasian margin suture were further sealed by
Upper Cretaceous to Lower Paleocene pelagic limestone sequences
showing that most tectonic displacements had ceased since that
time. This ∼85–80 Ma  age range for the termination of HP meta-
morphism and ophiolite obduction onto the ATA block(s) in the
north coincide with that of (1) emplacement of the tholeiitic Maden
volcanic arc in SE Turkey at c. 79–80 Ma,  and (2) further active mar-
gin magmatism and HT metamorphism evidenced in the southern
(Malatya) margin at 74 Ma.  Therefore, subduction initiates at the
southern rim of the ATA continental block(s) while its northern
margin docks into the Northern subduction zone. This temporal
relationship supports the idea of a subduction jump from the north
to the south of the ATA block(s) in the Campanian at c. 80 Ma.

5.3. Docking of the Bitlis–Pütürge microblock

The HP evolution of the Bitlis–Pütürge is bracketed at 74–71 Ma
(Göncüoğlu and Turhan, 1984; Hempton, 1985; Oberhänsli et al.,
2010; this study). This metamorphic age is in agreement with a
continental subduction event that occurred a long time before the
final closure of the southern Neotethys and Arabia–Eurasia colli-
sion, suggesting that the Bitlis–Pütürge was  a microblock accreted
to the ATA continental margin following rapid continental subduc-
tion and exhumation of the leading edge of the block. Ar–Ar dates
agree for initial subduction of the Eastern Bitlis at 74 Ma  followed
by underthrusting of the Pütürge blueschists at 71 Ma.

5.4. Subduction of the Southern Neo-Tethys and Arabia–Eurasia
collision
The age of Arabia–Eurasia collision itself is still debated as
estimates range from Upper Cretaceous (Hall, 1976; Berberian
and King, 1981; Alavi, 1994) to late Eocene–Oligocene (40–25 Ma;

st Anatolia–Arabian Plate transect. Positions of main plate boundaries are according
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olivet and Facenna, 2000; Agard et al., 2005; Allen and Armstrong,
008) and even Miocene (Ş engör et al., 1985; Dewey et al., 1986;
kay et al., 2010). These estimates are constrained by stratigraphy
nd age of deformation in both Arabian and Eurasian plates. But,
he history of Arabia–Eurasia collision is complex due to accretion
f several blocks along Eurasia and subsequent complex geome-
ries. The final closure of remnant oceanic and back-arc basins, and
yn-collisional foreland basins, was highly partitioned and incre-
ental through time. Following the suturing of the Bitlis–Pütürge,

he southern Neotethys ocean was subducted below it since c.
0 Ma,  and its final closure is witnessed by HT (amphibolite grade)
etamorphism at the base of the Pütürge unit, dated at 47 Ma  (this

tudy). Thermobarometry performed on sample Loc 59 agrees for
urial of metabasalts/metagabbros at 6.0 ± 0.5 kbar and 550 ± 25 ◦C
Fig. 8) in a hot geothermal gradient of ∼23 ◦C km−1. This geotherm
s twice hotter than in a standard subduction, and is more in
greement with a classical collisional Barrovian gradient. Such col-
isional context is also suggested by the position of the amphibolites
n the hanging-wall side of the main frontal thrust transporting
he Bitlis–Pütürge units over the Arabian foreland (Fig. 4). It is
hus probable that the 48 Ma  age of amphibolite metamorphism
s related to the insight of Eurasia–Arabia collision, resulting in the
nderthrusting of Arabia below the Bitlis–Pütürge units (Fig. 9).
his possible initial date for collision agrees with stress propa-
ation and fold and thrust belt initiation documented inside the
rabian Plate in the Late Eocene times (Kaymakci et al., 2010).

nitiation of extension in the Agean domain (Jolivet and Facenna,
000) is ascribed to slab retreat initiated in the Oligocene. Slab roll-
ack is suggested for the opening of the Black Sea (Stephenson and
chellart, 2010) following the Arabia–Eurasia collision. As for the
imalayan collision, lateral escape motions are evidenced by the
ctivation of strike-slip faults that initiated some 10–20 Ma  after
nitial collision (e.g., Rolland et al., 2009d).  It is therefore logical
hat lateral extrusion of the Tauride–Anatolide and initiation of
gean slab retreat initiated after the collision of Arabia with the
TA block(s) as is modelled by Faccenna et al. (2006).  Further acti-
ation of the Dead Sea left lateral fault at c. 20 Ma  coincides with
cceleration of exhumation documented in the Bitlis thrust zone
Okay et al., 2010). We  propose that this acceleration may  be tied
p to Arabian Plate northward movement related to the opening
f the Red Sea rift and further oceanization. In the Late Miocene,
ctivation of North and South Anatolian Faults (e.g., Faccenna et al.,
006) and reorganization of the stress field in Turkey and Arme-
ia (Avagyan et al., 2005, 2010; Kaymakci et al., 2010) agree with
orthward propagation of strike-slip faulting across the collisional
ystem.

. Conclusion

Geological investigation and 40Ar/39Ar dating undertaken on
he main tectonic boundaries of the Anatolide–Tauride–Armenian
ATA) block in Eastern Turkey, Armenia and Georgia provide tem-
oral constraints of subduction and accretion on both sides of this
mall continental block, and final collisional history of Eurasian
nd Arabian plates. On the northern side, 40Ar/39Ar ages give
nsights for the subduction and collage from the Middle to Upper
retaceous (95–80 Ma). To the south, younger magmatic and meta-
orphic ages exhibit subduction of Neotethys and accretion of

he Bitlis–Pütürge block during the Upper Cretaceous (74–71 Ma).
hese data are interpreted as a subduction jump from the northern
o the southern boundary of the ATA continental block at 80–75 Ma.

imilar back-arc type geochemistry of obducted ophiolites in the
wo subduction–accretion domains point to a similar intra-oceanic
volution prior to accretion, featured by slab steepening and roll-
ack as for the current Mediterranean domain. Final closure of
amics 56– 57 (2012) 76– 85

Neotethys and initiation of collision with Arabian Plate is sug-
gested to lie in the Middle-Upper Eocene as featured by c. 48 Ma
amphibolite facies rocks exhumed in the hanging-wall part of a top-
to-the-south thrust at the southern boundary of the Bitlis–Pütürge
unit.
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ing of continental Lithosphere: the neotectonics of Eastern Anatolia-A young
collision zone. In: Coward, M.P., Ries, A.C. (Eds.), Collision Tectonics, vol. 19.
Geological Society of London Special Publication, pp. 3–36.

Faccenna, C., Bellier, O., Martinod, J., Piromallo, C., Regard, V., 2006. Slab detachment
beneath eastern Anatolia: a possible cause for the formation of the Anatolian
Fault. Earth and Planetary Science Letters 242, 85–97.
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