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We present new, geological, metamorphic, geochemical and geochronological data on the East Anatolian
eLesser Caucasus ophiolites. These data are used in combination with a synthesis of previous data and
numerical modelling to unravel the tectonic emplacement of ophiolites in this region. All these data
allow the reconstruction of a large obducted ophiolite nappe, thrusted for >100 km and up to 250 km on
the Anatolian-Armenian block. The ophiolite petrology shows three distinct magmatic series, highlighted
by new isotopic and trace element data: (1) The main Early Jurassic Tholeiites (ophiolite s.s.) bear LILE-
enriched, subduction-modified, MORB chemical composition. Geology and petrology of the Tholeiite
series substantiates a slow-spreading oceanic environment in a time spanning from the Late Triassic to
the Middle‒Late Jurassic. Serpentinites, gabbros and plagiogranites were exhumed by normal faults, and
covered by radiolarites, while minor volumes of pillow-lava flows infilled the rift grabens. Tendency
towards a subduction-modified geochemical signature suggests emplacement in a marginal basin above
a subduction zone. (2) Late Early Cretaceous alkaline lavas conformably emplaced on top of the ophiolite.
They have an OIB affinity. These lavas are featured by large pillow lavas interbedded a carbonate matrix.
They show evidence for a large-scale OIB plume activity, which occurred prior to ophiolite obduction. (3)
Early‒Late Cretaceous calc-alkaline lavas and dykes. These magmatic rocks are found on top of the
obducted nappe, above the post-obduction erosion level. This series shows similar Sr-Nd isotopic fea-
tures as the Alkaline series, though having a clear supra-subduction affinity. They are thus interpreted to
be the remelting product of a mantle previously contaminated by the OIB plume. Correlation of data from
the Lesser Caucasus to western Anatolia shows a progression from back-arc to arc and fore-arc, which
highlight a dissymmetry in the obducted oceanic lithosphere from East to West. The metamorphic P-T-t
paths of the obduction sole lithologies define a southward propagation of the ophiolite: (1) P-T-t data
from the northern Sevan-Akera suture zone (Armenia)highlight the presence and exhumation of eclo-
gites (1.85 � 0.02 GPa and 590 � 5 �C) and blueschists below the ophiolite, which are dated at ca. 94 Ma
by Ar-Ar on phengite. (2) Neighbouring Amasia (Armenia) garnet amphibolites indicate metamorphic
peak conditions of 0.65 � 0.05 GPa and 600 � 20 �C with a U-Pb on rutile age of 90.2 � 5.2 Ma and Ar-Ar
on amphibole and phengite ages of 90.8 � 3.0 Ma and 90.8 � 1.2 Ma, respectively. These data are
consistent with palaeontological dating of sediment deposits directly under (Cenomanian, i.e. � 93.9 Ma)
or sealing (Coniacian‒Santonian, i.e., �89.8 Ma), the obduction. (3) At Hınıs (NE Turkey) P-T-t conditions
on amphibolites (0.66 � 0.06 GPa and 660 � 20 �C, with a U-Pb titanite age of 80.0 � 3.2 Ma)agree with
previous P-T-t data on granulites, and highlight a rapid exhumation below a top-to-the-North detach-
ment sealed by the Early Maastrichtian unconformity (ca. 70.6 Ma). Amphibolites are cross-cut by
monzonites dated by U-Pb on titanite at 78.3 � 3.7 Ma. We propose that the HT-MP metamorphism was
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coeval with the monzonites, about 10 Ma after the obduction, and was triggered by the onset of sub-
duction South of the Anatolides and by reactivation or acceleration of the subduction below the
Pontides-Eurasian margin. Numerical modelling accounts for the obduction of an “old” w80 Myr oceanic
lithosphere due to a significant heating of oceanic lithosphere through mantle upwelling, which
increased the oceanic lithosphere buoyancy. The long-distance transport of a currently thin section of
ophiolites (<1 km) onto the Anatolian continental margin is ascribed to a combination of northward
mantle extensional thinning of the obducted oceanic lithosphere by the Hınıs detachment at ca. 80 Ma,
and southward gravitational propagation of the ophiolite nappe onto its foreland basin.

� 2019, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Ophiolites are the witness of a rare process in modern tectonics:
the obduction process. Despite the paradox of being dense rock
nappes transported atop lighter continental domains (e.g.,
Coleman, 1971, 1981; Dewey, 1976), obductions are documented in
most mountain ranges around the world. Therefore, a geodynamic
process has to account for this apparent paradox (Vaughan and
Scarrow, 1983; Hässig et al., 2016a, b). Domains where obducted
nappes are still preserved, like in Oman (Coleman, 1981; Agard
et al., 2007), or in New Caledonia (Aitchison et al., 1995;
Lagabrielle et al., 2013; Secchiari et al., 2017), are found in oro-
gens which did not yet suffer a phase of intense collision. Obduction
appears as a short-lived (10e20 Ma long) event, and its occurrence
coincides with major plate tectonic shifts (e.g., Moores, 1982;
Abbate et al., 1985; Boudier et al., 1988). However, the obduction
trigger is still uncertain: may it be due to plate acceleration (Agard
et al., 2007, 2014; Monié and Agard, 2009), or to other vertical
forces originating from mantle upwelling (Vaughan and Scarrow,
2003; Hässig et al., 2016a, b, 2017)? Also, two contrasting models
have been developed to account for obduction: (1) thrust propa-
gation of the ophiolite on the continent via thin tectonic nappes or
“flake tectonics” (Coleman,1971; Oxburgh, 1972), or (2) continental
subduction beneath an oceanic upper plate driven by slab pull
(Mattauer et al., 1981; Boudier et al., 1988; Yamato et al., 2007). The
contrasting views lie mostly in the fact that in the first case, the
ophiolite is “actively pushed” and progresses far onto the continent
without the help of slab pull in the subduction zone. The ophiolite
may be further propagated by some gravitational movement above
a flexural domain of the underthrusted lithosphere. In contrast, in
the second case, ophiolite emplacement is a ‘passive’ process due to
the traction of the thin passive continental margin into the sub-
duction zone (e.g., Dewey and Bird, 1971). Many pioneering studies
were led on the well-exposed Oman ophiolite, which lies on the NE
edge of Arabia (e.g., Agard et al., 2007 and references therein). The
Oman ophiolite is a typical example of a hot oceanic lithosphere,
which formed closely before its obduction. Resulting eclogitisation
of the Arabian margin suggests that continental subduction is the
main process driving oceanic transport onto the continental margin
(e.g., Yamato et al., 2007; Agard et al., 2014), which agrees more
with the second type of obduction models. Most of the successful
modelling that has been done is more in agreement with this hy-
pothesis (Agard et al., 2014; Duretz et al., 2016). In contrast, rare
models succeeded in thrusting a slice of oceanic crust onto the
continent following the “active push” hypothesis (Leroy et al.,
2004), and not over long distances. In this paper, we focus on the
northeastern Anatolia‒Lesser Caucasus (NALC) case example. This
example shows that a very old obducted oceanic lithosphere at the
time of its obduction (w80 Ma), could be tectonically transported
over several hundreds of kilometers while presenting a resulting
thickness of only several kilometers at most (Rolland et al., 2009b;
Hässig et al., 2016a, b, 2017). In the following, we present new
e East AnatoliaeLesser Cauca
e Frontiers, https://doi.org/10
results on the geochemistry of ophiolites from East Anatolia and
Armenia and some new P-T-t data on the frontal part of the
obducted ophiolites of the Tauride block at Hınıs. In the following
discussion, we reconstruct the whole obduction cycle of the
Anatolian-Armenian ophiolite based on a synthesis of some
selected data from Anatolia-Armenia and numerical modelling.
2. Geological setting

2.1. Geological domains

In the Lesser Caucasus and Eastern Anatolia (Figs. 1 and 2), the
ophiolites were thrust towards the South by the Pontides-
Transcaucasus margin of Eurasia on the Taurides-Anatolides-
Platform prolonged by the South Armenian block (TAP-SAB).
These two domains are briefly described below.

2.1.1. The Eurasian margin (Pontides-Transcaucasus)
In the Eurasian part of the Lesser Caucasus, the basement for-

mations are quite similar to those known all along the Eurasian
margin (see reviews in Rolland et al., 2016 and Okay and Topuz,
2017). It corresponds to a Variscan basement unconformably
overlain by a thick, mainly calc-alkaline, volcanogenic series of
Bajocian to Santonian (170e84 Ma) age, which are the magmatic
records of the north-dipping subduction of the Tethys oceanic
domain below Eurasia (e.g. Adamia et al., 1977). During this period,
an active continental margin domain called the
SomkhetoeKarabakh Island Arc occupied the northern Lesser
Caucasus (Knipper, 1975; Adamia et al., 1977; Ricou et al., 1986). For
details on Jurassic magmatism and geology see Galoyan et al. (2013,
2018). Onset of subduction is not well constrained. Yet, studies
conducted in the Georgian (Lesser Caucasus) and the Turkish parts
(Pontides) have shown simultaneous calc-alkaline magmatic ac-
tivity since the Early or Middle Jurassic (e.g. Adamia et al., 1977;
Hess et al., 1995; Meijers et al., 2010; Ustaömer and Robertson;
2010; Nikishin et al., 2013; Ustaömer et al., 2013; Okay et al.,
2014; Rolland et al., 2016; Çimen et al., 2018). This Jurassic mag-
matism and coeval H-T metamorphism (Marroni et al., 2014; Okay
et al., 2014) extend to the Vardar suture in the Balkans (e.g.,
Maffione and Hinsbergen, 2018). Early Cretaceous magmatic series
are missing (e.g., Okay and Nikishin, 2015), which could result
either from tectonicerosion or, rather, to a cessation of subduction
during this period of time and to the onset of a new subduction set
during the CenomanianeTuronian (Okay and Şahintürk, 1997;
Yýlmaz et al., 1997) or Albian (Okay et al., 2006). There is a
consensus concerning the end of this subduction event in the
Eastern Pontides/Eastern Anatolia region and onset of continental
collision of TAP-SAB with the Pontides-Transcaucasus at the tran-
sition from the end of the Late CretaceousePaleocene (e.g., Okay
and Şahintürk, 1997; Rice et al., 2009; Meijers et al., 2017;
Rolland, 2017; Sarıfakıo�glu et al., 2017).
sus ophiolite: An exceptional case of large-scale obduction, synthesis
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Figure 2. (A) Geological map of Eastern Anatolia e Armenia e Western Iran, showing the location of main units. Studied ophiolites are shown by the yellow stars. (B) Geological
cross-section of the SAB-Sevan-Akera e Transcaucasus transect.
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2.1.2. The Taurides-Anatolides-Platform and the South Armenian
block (TAP-SAB)

The Tauride-Anatolide Platform (TAP) extends to the East with
the South Armenian Block (SAB). This domain represents a conti-
nental platform between the northern and southern branches of
Neotethys (Sengör and Yılmaz, 1981; Bozkurt and Mittwede, 2001).
The TAP-SAB represents a sliver of a small continental plate de-
tached off the northern margin of Gondwana, drifted towards the
North to ultimately collide with Eurasia (Stocklin, 1974; Adamia
et al., 1977; Biju-Duval et al., 1977; Dercourt et al., 1986; Şengün,
2006; Barrier and Vrielynck, 2008). Palaeomagnetic analyses indi-
cate palaeo-latitudes for the TAP-SAB during the Early and Middle
Jurassic at least 2000 km farther South than its current position
(Bazhenov et al., 1996; Meijers et al., 2015). To the SE of Yerevan, the
SAB series from below the obduction comprise a pile of Paleozoic to
Cenomanian series, which resemble those from Gondwana
(Arakelyan, 1964; Sosson et al., 2010; Danelian et al., 2014). This
argues for a Gondwanian origin of the TAP-SAB, as also suggested
by palaeogeographic reconstructions (Knipper and Khain, 1980;
Monin and Zonenshain, 1987; Şengör et al., 1988; Robertson and
Mountrakis, 2006; Barrier and Vrielynck, 2008). The rifting of the
Taurides-Anatolides (including the SAB) from Gondwana is docu-
mented as initiating during Triassic times (Mart, 1987; Gealey,
1988; Kazmin, 1991).

The TAP crystalline basement crops out at Hınıs, in Eastern
Turkish Anatolia (Fig. 3), as a dome-shape tectonic window below
the ophiolites. This basement is comprised of tourmaline-bearing
leucogranites cross-cutting high-grade schists (gneisses, calc-
schists and amphibolites). Topuz et al. (2017) report upper
amphiboliteeto granulite facies conditions for restitic migmatitic
gneiss at w0.7 GPa and w800 �C at 0.7 GPa (2s), based on Ti-in-
zircon temperatures of 761e831 �C, Zr-in-rutile temperatures of
775e830 �C and plagioclase-garnet-Al2SiO5-quartz geobarometry
of 0.7 GPa. U-Pb dating of metamorphic zircon and rutile in the
paragenesiss yielded 83 � 2 Ma and 78 � 3 Ma (2s), respectively.
The same authors dated the orthogenesiss of the TAP basement,
also by U-Pb on zircons, which yielded a Late Ordovicianeearly
Silurian protolith age (444 � 9 Ma, 2s), whereas detrital zircons
from one metaquartzite point to a Neoproterozoiceearly Paleozoic
provenance. These data are in good agreement with a Gondwanian
origin of the Taurides (e.g., Okay et al., 2008). In addition, they
mention unpublished U-Pb zircon ages of ca. 85 Ma for cross-
cutting gabbros, quartz-monzonites and tonalites, which they as-
sume to be ‘subduction-related’.

There is only one outcrop domain of the SAB crystalline base-
ment. This basement can be seen to the North of Yerevan in
Armenia (see a full description in Hässig et al., 2015, summarized
below). Elsewhere, the SAB is covered by a thick Cenozoic volcanic
pile (e.g., Sahakyan et al., 2017, and references therein). The base-
ment is featured by presumed Proterozoic orthogenesiss
(Baghdasaryan and Ghukasyan, 1983) overlain by metapelites
intruded by granodiorites. Metamorphic foliations underline a
dome structure to the South of the domain. PT paths and thermo-
barometry on pelites from the top of the dome indicate a complex
thermal history involving (1) a M1 Medium Pressure-Medium
Temperature metamorphic imprint (kyanite-staurolite-garnet)
culminating at 0.8e0.9 GPa and 550 � 30 �C, (2) a M2 Low
PressureeHigh Temperature imprint (andalusite-K-feldspar) at
pressures <0.2 GPa and 600 �C < T < 650 �C, followed by (3)
isobaric cooling at 0.21 � 0.1 GPa and 360e460 �C given by biotite-
garnet-plagioclase thermobarometry (M3). Age for M1 is bracketed
at 150e160 Ma (by Ar-Ar dating on white mica in schists and leu-
cogranites), coinciding with granodiorite emplacement (dated by
U-Pb on zircon and Ar-Ar on amphibole), and M2 is dated between
150Ma and 130Ma (by Ar-Ar dating onwhite mica). M3 is dated by
Please cite this article as: Rolland, Y et al., The East AnatoliaeLesser Cauca
of data and numerical modelling, Geoscience Frontiers, https://doi.org/10
Ar-Ar on biotite at 123.3 � 1.6 Ma. The emplacement of magmatic
rocks and metamorphism occurred during the top-to-N shearing,
and was related to a possible South-dipping subduction.

Therefore, the metamorphic evolution of SAB is distinct from
that of Hınıs in the eastern Taurides-Anatolides since it does not
show any evidence of the Late Cretaceous H-T metamorphism.
However, similar undated extensional features as in Hınıs occur in
the SAB. In the SAB, extension resulted into emplacement of a thick
olistolithic series along radial S-, E- and W-dipping normal faults.
This extensional phase occurred closely after obduction as shown
by Late Cretaceous syn-tectonic sediments in both places. In the
SAB, the crystalline basement is unconformably covered by Late
CretaceousePaleocene series dated by nanno fossils, evolving from
Maastrichtian marly sandstones to Paleocene limestones (Hässig
et al., 2015), as also documented in Hınıs (Yýlmaz et al., 2010).

During the Cenozoic, sedimentation is documented as resulting
from a foreland basin context, to the North of the Arabia collision
zonewith TAP-SAB. Regional shortening during the OligoeMiocene
in the font of a fold-and-thrust belt lead to the formation of
numerous mini-basins like the Sivas Basin (Kergaravat et al., 2016;
Ribes et al., 2017). Such deformation is also recorded at Hınıs,
where thrusts are thought to reactivate former normal faults
bounding the basement/ophiolite windows (Fig. 3). Further, three
magmatic series of substantially different ages and compositions
were successively emplaced in the eastern part of TAP-SAB during
the Cenozoic (Rezeau et al., 2016, 2017). The protracted magmatic
activity lasted 30 Myr, fromMiddle Eocene to Early Miocene, and is
ascribed to collisional and post-collisional (extensional) magma-
tism, likely in response of slab melting and/or detachment (Dokuz
et al., 2019), or possibly in an ongoing supra-subduction context
(Sahakyan et al., 2017; Rezeau et al., 2016, 2017).

2.2. Nature of ophiolites

2.2.1. Ophiolite assemblages and oceanic environment
In Armenia and Eastern Anatolia, ophiolites are composed of,

from bottom to, serpentinized peridotites intruded by gabbros,
scattered cross-cutting plagiogranites in extensional shear zones,
lava flows of basalt with intercalations of Middle‒Late Jurassic
radiolarites (ca. 180e150 Ma on gabbros and lavas, Galoyan et al.,
2009; Rolland et al., 2010; Hässig et al., 2013a; Topuz et al.,
2013a, b, c; 170e145 Ma on radiolarians, Danelian et al., 2007,
2008, 2010, 2012; Asatryan et al., 2010, 2012; Figs. 4 and 5). A full
description of ophiolite lithologies and mineralogy can be found in
Galoyan (2008), Galoyan et al. (2009), Rolland et al. (2009b, 2010);
Hassig et al. (2013a, b). Structural analysis suggests that seafloor
spreading was accommodated by extension along extensional
faults that have exhumed deep-seated crust and mantle rocks (e.g.,
Mutter and Karson, 1992; Cannat, 1993). The upper mantle
exhumed along normal faults consists of slightly to highly ser-
pentinized lherzolites and harzburgites intruded by pods of
cumulitic werhlites and gabbros, which are mainly found along the
extensional faults (Rolland et al., 2009b, 2010). The extensional
fault surfaces were sealed by volcanic flows, in turn, covered by
oceanic sediments (Fig. 6). This lithological association is typical of
a slow-spreading oceanic ridge (see a review in Lagabrielle, 2009).

2.2.2. Age of oceanic accretion
Most ophiolites are dated to the Early to Late Jurassic, ca.

180e150 Ma, from Armenia to North-eastern Anatolia, along the
Izmir-Ankara-Erzincan segment of the North Tethyan suture, and
within obducted ophiolites like the Vedi klippe in Armenia (Fig. 5b).
Direct dating was undertaken by Ar-Ar analyses on amphiboles
from gabbros and by U-Pb analyses on zircons from plagiogranites
(Zakariadze et al., 1990, 2005; Galoyan et al., 2009; Rolland et al.,
sus ophiolite: An exceptional case of large-scale obduction, synthesis
.1016/j.gsf.2018.12.009



Figure 3. (A) Structural map of the Hınıs area in Northeast Anatolia and (B) geological cross-section of the studied Akdag tectonic window (C). A, modified after Yýlmaz et al. (2010)
and C, modified after Topuz et al. (2017).
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2010; Çelik et al., 2011; Hässig et al., 2013a; Robertson et al., 2013;
Topuz et al., 2013a,b). Indirect dating on radiolarians provided
similar ages (Danelian et al., 2007, 2008, 2010, 2012; Asatryan et al.,
2010, 2012). For the Anatolian ophiolites, a compilation of ages can
be found in Sarıfakıo�glu et al. (2017). Following Göncüo�glu et al.
(2001), these authors highlight a more discrete group of Late Tri-
assiceEarly Jurassic ophiolitic rocks within the northern part of the
Please cite this article as: Rolland, Y et al., The East AnatoliaeLesser Cauca
of data and numerical modelling, Geoscience Frontiers, https://doi.org/10
obducted nappe, along the Izmir-Ankara-Erzincan suture, with ages
ranging from 208 Ma to 179 Ma, while younger ophiolitic units
(Late JurassiceEarly Cretaceous) occur in the obducted series to its
South. However, it is not clear if the Triassic rocks (found in a
mélange unit) were generated during the continental rifting stage,
or later during the drifting stage or even during the mature oceanic
stage. In contrast, the Jurassic ophiolites form coherent crustal
sus ophiolite: An exceptional case of large-scale obduction, synthesis
.1016/j.gsf.2018.12.009



Figure 4. Tectonic map of Mesozoic ophiolites and ophiolitic mélanges from the Tethyan realm in Turkey and adjacent areas (modified after Stampfli et al., 2001). The bold numbers
within circles indicate positioning of radiolarian biostratigraphy, radiochronology as well as magmatic rock types and metamorphic sole rock outcroppings reported in Fig. 5B.
Representative geochronological data from rocks of the ophiolitic assemblages are indicated in boxes with a thin black frame, while those from metamorphic soles are indicated in
boxes with a thin red frame, modified after Çelik et al. (2011). All data are from 40Ar/39Ar analyses except where stated otherwise, numbers in exponents correspond to following
references: (1) Dilek et al. (1999); (2) Parlak and Delaloye (1999); (3) Çelik et al. (2006); (4) Chan et al. (2007); (5) Galoyan et al. (2009); (6) Önen (2003); (7) Harris et al. (1994); (8)
Dimo-Lahitte et al. (2001); (9) Spray et al. (1984); (10) Roddick et al. (1979); (11) Koepke et al. (2002), K-Ar age data; (12) Hatzipanagiotou and Pe-Piper (1995), K-Ar age data; (13)
Lamphere et al. (1975), K-Ar age data; (15) Çelik et al. (2011). AO: Antalya Ophiolite; BHO: Beysehir-Hoyran Ophiolite; EO: Eldivan ophiolite; KO: Kinik Ophiolite; LO: Lesvos
Ophiolite; MO: Mersin Ophiolite; ORO: Orhaneli Ophiolite; PKO: Pozanti-Karsanti Ophiolite; SO: Sevan Ophiolite; mu: muscovite; hb: hornblende. (*) age data from gabbro. The
thick red frame indicates the position of Fig. 5A.
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units, which can be attributed to sea-floor spreading. These data
support models featuring slow-spreading oceanic opening of the
northern Neotethyan domain during the Lower and Middle Jurassic
times, ongoing through the Cretaceous times towards the South
(e.g., Robertson et al., 2013; Hässig et al., 2013b).

2.2.3. Formation of ophiolites in a marginal basin above a north-
dipping intra-oceanic subduction zone

A Supra-Subduction Zone (SSZ) nature for the ophiolites of
northeastern Anatolia and Armenia has been deduced following
investigation of geochemical tendencies of magmatic rocks (e.g.,
Galoyan et al., 2009; Parlak et al., 2012; Hässig et al., 2013a; Topuz
et al., 2013a; Fig. 7). The geochemical composition of all ophiolitic
rocks from Armenia shows the presence of a subduction compo-
nent in their source, but the rocks are slightly enriched with respect
to Mid-Oceanic Ridge Basalts (MORBs) which has led to the inter-
pretation of a back-arc basin environment for these rocks (Galoyan
et al., 2007, 2009; Rolland et al., 2009b, 2010; Hässig et al.,
2013a,2017). A relatively similar trend is observed in Anatolia all
along the Izmir-Ankara suture and in the obducted ophiolites,
although a fore-arc environment is defined in the southern younger
part of the ophiolite nappe, inferred from the boninitic chemical
signatures of basalts and gabbros (Parlak et al., 2012; Sarıfakıo�glu et
al. (2017)). Both scenarios, fore- or back-arc origin, can be recon-
ciled by reconstructing a North-dipping intra-oceanic subduction,
with younging ages, and fore-arc rocks to the South of the Neo-
thethyan domain (e.g., Göncüo�glu, 2010; Sarıfakıo�glu et al., 2017).
This, in turn, suggests a southward retreating slab by roll-back
Please cite this article as: Rolland, Y et al., The East AnatoliaeLesser Cauca
of data and numerical modelling, Geoscience Frontiers, https://doi.org/10
process (Galoyan et al., 2009; Rolland et al., 2010, 2011). These
data also suggest the existence of an intra-oceanic arc. There is still
no clear evidence for any intra-oceanic arc preserved in the
ophiolite sequence. However, the metamorphic series found
directly North of Erzincan, below the ophiolite, are thought to
represent a deformed arc series (Gücer et al., 2007; Aslan et al.,
2011; Gücer and Aslan, 2014). Geochemical analyses show that
these Erzincan metamorphic rocks consist of meta-basalts and
meta sediments with tholeiitic to calc-alkaline affinities (Gücer
et al., 2007; Gücer and Aslan, 2014). These geochemical ten-
dencies argue for the occurrence of a volcanic arc between the
passive continental margin of the TAP-SAB to the South and the
oceanic domain to be obducted over it, from the North.

The presence of an intra-oceanic subduction in the Neotethys
domain to the South of the Eurasian margin implies that two
subduction zones were active at the same time as an active margin
existed along the Pontides and transcaucasus regions (the so-called
SomkhetoeKarabakh Island Arc, see section 2.1.1.) during the
EarlyeMiddle Jurassic (e.g., Yalınız et al., 2000; Göncüo�glu, 2010).
Most authors propose that the two subductions were both North-
dipping, although South-dipping intra-oceanic subduction might
be possible as well (Galoyan et al., 2018).

2.2.4. The alkaline volcanic series
Pillow-basalts with an Ocean Island Basalt (OIB) alkaline

composition lie on top of the ophiolite series in Armenia (Galoyan
et al., 2007, 2009; Rolland et al., 2009b, 2010; Hässig et al., 2013a),
and in NE Turkey as well (e.g., Parlak et al., 2012 and Sarıfakıo�glu
sus ophiolite: An exceptional case of large-scale obduction, synthesis
.1016/j.gsf.2018.12.009
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et al., 2017; Hässig et al., 2013b for reviews; Fig. 7). Such occur-
rences of volcanism are widespread, though of variable thickness,
in the various ophiolite locations, throughout the Ankara-
Erzincan suture (e.g., Sarıfakıo�glu et al., 2017). The age and re-
lationships of alkaline lavas with respect to the ophiolites is not
always clear in the western part of the IAESZ, but can be brack-
eted from the late Bathonian to the early Aptian (165e125 Ma;
Please cite this article as: Rolland, Y et al., The East AnatoliaeLesser Cauca
of data and numerical modelling, Geoscience Frontiers, https://doi.org/10
Göncüo�glu et al., 2006). These alkaline rocks are found directly
above an unconformity on top of the ophiolite body in Armenia,
outcropping as fresh and large (meter-scale) pillow lavas inter-
bedded in pelagic limestones and sometimes in radiolarites
(Fig. 6), dated at 117 Ma (mid-Early Cretaceous) by Ar-Ar on
amphibole by Rolland et al. (2009b). This age was later confirmed
by radiolarian biostratigraphy (Danelian et al., 2012, 2014). Along
sus ophiolite: An exceptional case of large-scale obduction, synthesis
.1016/j.gsf.2018.12.009
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the Sevan-Akera suture zone, radiolarians intercalated with mafic
volcanic rocks exhibit latest Tithonian to late Valanginian ages
(135e123 Ma) (Asatryan et al., 2012). In the Karabagh and Amasia
areas OIB lavasare bracketed by late Barremian to early Aptian
(w113 Ma; Asatryan et al., 2011) and Cenomanian (96‒92 Ma;
Danelian et al., 2014) radiolarians. These ages substantiate long
lasting volcanic activity throughout the Early Cretaceous
(123e92 Ma), after a >30 Myr period of magmatic inactivity on
the ocean floor. The geochemical signature of these lavas seems
unrelated to subduction (Galoyan et al., 2007, 2009; Rolland et al.,
2009b, 2010; Hässig et al., 2013a,b). However, the widespread
occurrence of this magmatism at regional scale throughout the
Early Cretaceous is likely to have significantly re-heated the
Northern Neotethys oceanic lithosphere, which changed its
buoyancy and may be an explanation for obduction (Rolland et al.,
2009b; Hässig et al., 2015, 2016a, b), as it will be discussed in
section 4.4 on the basis of numerical modelling.

2.2.5. The calc-alkaline series
In Stepanavan, in the northwestern part of the Armenian

obducted nappe, a series of pillow lavas with compositions ranging
from calc-alkaline basalts to andesites, originates from a
subduction-related mantle source (Galoyan et al., 2007; Rolland
et al., 2009a,b; Fig. 7). There, the volcanic series is very thick
(�800e1000 m). It was emplaced in submarine conditions above
an unconformity on top of the ophiolite, marked by an erosional
level and Coniacian‒Santonian conglomerates overlain by reef
limestones (Fig. 6). In Amasia, Late Cretaceous series with
Please cite this article as: Rolland, Y et al., The East AnatoliaeLesser Cauca
of data and numerical modelling, Geoscience Frontiers, https://doi.org/10
limestones and intercalated volcanic tuffs also occur, overlain by
Late Maastrichtian‒Paleocene unconformity (Hässig et al., 2013a),
which shows a probable lateral extension of these series. Thus, the
stratigraphic relationships in Amasia and Stepanavan indicate a
maximum age of these series in the ConiacianeSantonian, and a
minimum age before the Late MaastrichtianePaleocene. This series
is thus bracketed between 89 Ma and 66 Ma and is interpreted as
featuring a volcanic arc resulting from a subduction stage, which
would have started in this time range.

2.2.6. The ‘mélange’ unit(s)
The mélanges found under the un-metamorphosed ophiolitic

units are represented either by (1) a sedimentary mélange (Huene
et al., 2004; Vannucchi et al., 2008; Festa et al., 2010), or (2) tectonic
mélanges (Cloos and Shreve, 1988; Dilek and Whitney, 1997; Elitok
and Drüppel, 2008).

(1) The presence of a sedimentary mélange, is well exemplified in
the Vedi area in the frontal part of the obducted nappe, where
rounded blocks of ophiolite are found interbedded in a fine-
grained chlorite-rich matrix (Sosson et al., 2010). This is
taken as an evidence for a sedimentological environment for
the mélange.

(2) In most places, the mélanges found below the ophiolite are
mostly tectonic in character, as described in Hässig et al.
(2013a). Direction of tectonic transport during obduction is in
agreement with a NNEeSSW stretching direction and a general
top-to-the-South sense of shear. The metamorphic grade of the
sus ophiolite: An exceptional case of large-scale obduction, synthesis
.1016/j.gsf.2018.12.009



Figure 7. (A) Th/Yb versus Ta/Yb diagram (Pearce et al., 1984) for comparison of ophiolite rocks from Anatolia-Armenia regions. Data from Anatolia are compiled from Sarıfakıo�glu et
al. (2017). Light-grayfield represents basaltic rocks from the Amasia, Stepanavan, and Sevan ophiolites (Galoyan et al., 2007, 2009; Rolland et al., 2009a, b, 2010; Hässig et al., 2013a,
b). Dark-gray field marks basaltic rocks from the Vardar suture zone (Koglin, 2008). Data from Eastern Anatolia-Armenia are from (reference numbers in exponents): a, Galoyan et al.
(2007, 2009); Hässig et al. (2013a); b, Rolland et al. (2009b, 2010); Hässig et al. (2013b); c, Gücer et al. (2007). Note that similar rock types including OIB-type rocks occur fromWest
and Central IAESZ (Izmir Ankara Erzincan Suture Zone) to Eastern Anatolia and Lesser Caucasus CAB: calc-alkaline basalts; E-MORB: enriched mid-ocean-ridge basalt; N-MORB:
normal-mid-ocean-ridge basalt; OIB: oceanic-island basalt; P-MORB: plume mid-ocean-ridge basalt; SHO: shoshonitic basalts; TH: tholeiitic basalts; VAB: volcanic-arc basalt. (B) Ti/
1000 vs. V diagram (Shervais, 1982). Fields for IAESZ ophiolites are from Sarıfakıo�glu et al. (2017) and references therein and data from Eastern Anatolia-Armenia as for above. Note
the presence of boninites clearly evidenced only in West and Central IAESZ, while the Eastern Anatolian IAT and MORB-type ophiolites overlap with the West and Central IAESZ.
OIB-type rocks from West and Central IAESZ are not shown for clarity.
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Figure 8. Representative rare earth and trace element patterns of each magmatic suite from the East Anatolian e Armenian ophiolites (see data in Supplementary Table 1). Left, rare
earth element (chrondrite-normalized) diagrams and right, extended trace element (MORB-normalized) spidergram patterns. Normalization values are after Evensen et al. (1978)
and Sun and McDonough (1989).
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mélange is mostly in the greenschist facies, while it locally
includes km-sized lenses of garnet-amphibolites. The
geochemical composition of part of the metamorphic units
beneath the Stepanavan, Amasia and Hınıs ophiolites shows
several geochemistries as for the non-metamorphic ophiolite
Please cite this article as: Rolland, Y et al., The East AnatoliaeLesser Cauca
of data and numerical modelling, Geoscience Frontiers, https://doi.org/10
(alkaline affinity similar to the alkaline oceanic island basalts
(OIB) suite emplaced on top of the ophiolite, a slightly
subduction-modified tholeiitic affinity similar to the ophiolite
gabbros and basalts, and pure N-MORB (Hässig et al., 2019;
Galoyan, pres. comm.).
sus ophiolite: An exceptional case of large-scale obduction, synthesis
.1016/j.gsf.2018.12.009
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2.2.7. Degree and age of metamorphism of underthrusted
metamorphic units

A compilation of ages of underthrusted metamorphic units,
from below the ophiolite is presented on Fig. 5. 40Ar/39Ar ages for
the metamorphism of the greenschist facies volcanic sequence
underthrusted below the Refahiye ophiolite North of Erzincan have
been obtained by Gücer and Aslan (2014) for (albitic) plagioclase
populations, which yield ages of 100.8 � 3.4 Ma (Albian) and
94.1 � 3.3 Ma (Cenomanian). These ages are tentatively interpreted
as those of the greenschist-facies metamorphic recrystallization of
the rocks (at w320e350 �C and 0.4 GPa according to preliminary
estimates; Gücer and Aslan, 2014), which are globally similar to
those along the Sevan-Akera suture zone.

In the Stepanavan metamorphic unit (NW Armenia), a HP
metamorphic unit is found below the non-metamorphic obducted
ophiolite nappe. This unit exhibits metabasites and schists repre-
senting a deep accretionary prism including eclogites (1.85 � 0.02
GPa and 590 � 20 �C, Hässig et al., 2019) and blueschists
(1.2 � 0.1 GPa, 550 � 20 �C; Rolland et al., 2009a) dated by Ar-Ar on
phengite at 95‒91 and partially reset in greenschist facies at 71 Ma
(Rolland et al., 2009a). These conditions feature the onset of an
intra-oceanic subduction zone in the Cenomanian times, and a
second phase of deformation during exhumation in the Maas-
trichtian times. In the Amasia (NW Armenia) the garnet amphibo-
lites embedded in the tectonic mélange of the obduction sole,
exhibit MP-HT conditions of 0.65 � 0.05 GPa and 600 � 20 �C.
Datings on this unit are featured by similar within error Ar-Ar ages
on phengite and amphibole and U-Pb on rutile bracketed within
91e88 Ma (Hässig et al., 2019).
3. Results

3.1. Geochemistry of the obducted nappe magmatic series

In this paper, we report new major, trace and isotope element
data. The analytical procedures are displayed in Suppl. Material 1
and the data is displayed on Supplementary Tables 1 and 2 and
Figs. 8 and 9. We selected representative samples of each of the
magmatic suites (described in section 2.2).

3.1.1. Major-trace-REE geochemistry
In agreement with previous works of Galoyan (2008), Galoyan

et al. (2009), Rolland et al. (2009b) and Hässig et al. (2013a, b,
2017), the following main geochemical tendencies are observed
in analysed samples.

3.1.1.1. Major element data. The geochemical analyses of the
ophiolitic rocks from the East Anatolian-Armenian area are of
relatively alkaline composition in comparison to MORB. Major
element data of pillow- lavas and gabbros show that they have
predominantly basalt to trachybasalt compositions. Major
element analyses of plutonic rocks ranges from gabbros to gran-
ites (plagiogranites) with intermediate dioritic compositions
(Supplementary Table 1). These magmatic rocks appear to plot in a
large domain comprised between alkaline and tholeiitic ten-
dencies of the TAS diagram while in the AFM diagram most rocks
lie close to the limit between the tholeiitic and calc-alkaline fields.
Main features are pointed below: This large compositional range is
ascribed to the presence of three distinct series, referred below as
Figure 9. Isotopic data obtained on the East Anatolian e Armenian ophiolite magmatic suite
trend towards crustal values are from the GEOROC database [http://georoc.mpch-mainz.gwd
Sun and McDonough (1989). Compositions of modern marine sediments after Othman et al
(1987), Palmer and Edmond (1989), Tachikawa et al. (1999) and Abouachami and Goldstein
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(1) the ophiolitic suite; (2) the alkaline suite and (3) the calc-
alkaline suite.

(1) Overall, the rocks of the ophiolitic tholeiite suite are enriched in
MgO and more depleted in TiO2, K2O and P2O5 relative to the
alkaline and calc-alkaline suite (Supplementary Table 1). The
volcanic rocks from the different studied areas plot in the same
compositional range (from basalts to andesites and trachyan-
desites), and are relatively richer in Na2O than the plutonic
rocks of the same series.

(2) The studied alkaline lavas from different zones plot in the same
range, varying compositionally from basanite-trachybasalt to
basaltic trachyandesite and trachyandesite, and are clearly calc-
alkaline/alkaline inn composition. One of the most significant
features of the alkaline lavas is their higher TiO2, K2O and P2O5
contents.

(3) The arc-type calc-alkaline lavas, having trachybasalt and
basaltic trachyandesite compositions in TAS diagram, plot
essentially in a transitional position between ophiolitic and
alkaline domains, except for lower TiO2 and higher Al2O3
contents, which depend on the abundance of plagioclase in
such rocks.

Thin section observations and previous studies of the Armenian
ophiolites (e.g., Palandjyan, 1971; Abovyan, 1981; Ghazaryan, 1994;
Galoyan et al., 2007, 2009; Rolland et al., 2009b,2010) have shown
that the whole magmatic sequence has been affected by oceanic
low-temperature hydrothermal alteration events. These processes
induced modification of the whole-rock chemistry, as revealed by
high LOI values (Supplementary Table 1).

3.1.1.2. Trace elements. Trace element contents (Fig. 8) confirm the
presence of three clearly distinct magmatic suites, as defined in the
previous section.

(1) Basalts and gabbros of the ophiolite tholeiite suite (Fig. 8A,B)
show strong enrichments in LILE (Large Ion Lithophile Ele-
ments: Ba, Rb, K, Th), close and up to ten times MORB values.
Plagiogranites have a larger compositional field, with LILE up to
hundred times N-MORB values (Fig. 8C). Though, they share
similar geochemical tendency with gabbros and basalts, and
are therefore thought to derive from gabbros through fractional
crystallisation processes. Basalts, gabbros and plagiogranites
bear negative anomalies in Nb-Ta and Ti, which is generally
indicative of volcanic island arc environments (e.g., Taylor and
McLennan, 1985; Plank and Langmuir, 1998).

(2) Overall, the concentrations of each element in the alkaline
basalts exceed the concentrations in the basalts from ophiolitic
tholeiite series (Fig. 8D). Moreover, alkaline series basalts are
characterized by high abundances of LILE (10e100 times those
of N-MORB), high field strength elements (Nb, Ta, Zr and Ti),
and light rare-earth elements (LREE).

(3) The calc-alkaline suite rocks show strong depletions in Nb and
Ta, relative to Th and La, and slight Ti negative anomalies
(Fig. 8E). They globally show stronger enrichments in LREE and
LILE than the ophiolite suite rocks (10 to 100 times those of N-
MORB).

These differences in normalized element patterns may reflect
either (i) some local-scale mantle heterogeneities, which may
(see data in Supplementary Table 2). Compositions of The MORB and OIB fields, and the
g.de/georoc/]. Mantle end-members are after Hart (1984); Zindler and Hart (1986) and
. (1989). Sr, Nd and Pb seawater isotopic composition is after Piepgras and Wasserburg
(1995).
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Figure 10. Photomicrographs of Hınıs Akdag metamorphics: amphibolite (T-11-30) (A-C), and leucogranite/quartz-monzonite (T-11-26) (D). (A) photo in crossed polars showing the
resorption of clinopyroxene (Cpx), which recrystallized into the main Hornblende amphibole (Cl-Amp) þ plagioclase (Plagio) assemblage. (B) Titanite (or Sphene, Sph) occurs as
sub-hedral or anhedral patches, with clear-cut rectilinear mineral boundaries to amphiboles (photo in crossed polars). (C) back-scatter SEM image of a titanite þ hematite (Hem)
aggregate showing inclusions of rutile (Ru). Note the unzoned nature of titanite. (D) photo of sample T-11-26 tourmaline (Tur) bearing leucogranite in crossed polars. Titanite has a
perfect euhedral shape, and occurs as inclusions within large K-feldspar (Kfs) grains, and is thus part of the magmatic crystallization sequence which ends with tourmaline and
quartz (Qtz).
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control the composition of magmas (e.g., Saccani et al., 2015;
Bortolotti et al., 2018) or (ii) some distinct tectonic environments.
As suggested by Warren (2016) and references therein, there is
increasing evidence that chemical heterogeneities affect very large
portions of the mantle (>150 km). (ii) However, as suggested by
evolving geochemical composition through time these trends
rather support that these rocks of the three series are not petro-
genetically related and most likely derived from melts formed in
different tectonic settings: (1) N-type MORB (and/or BABB) for the
tholeiite series, (2) Ocean-island and/or within-plate alkali basalts
for the alkaline series and (3) volcanic island arc for the calc-
alkaline series.

3.1.1.3. REE geochemistry

(1) In the chondrite-normalized rare earth element (REE) dia-
grams, analysed ophiolite tholeiitic basalts and gabbros have
flat and parallel REE patterns in chondrite-normalized plots
[(La/Yb)N ¼ 0.6‒0.9], showing some slight depletions in LREE
Please cite this article as: Rolland, Y et al., The East AnatoliaeLesser Cauca
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and a slight enrichment in MREE (Fig. 8A,B). No extensive Eu
anomalies were observed (Eu/Eu* ¼ 0.95e1.15), which shows
that plagioclase has not been fractionated, and is enriched in
the final liquid. The concentration of REE for volcanic rocks
ranges from 8 to 30 times chondrite and for gabbros from 1 to
15 times chondrite, except fora flaser gabbroe60 times (sample
AR-03-25). These features are interpreted as a result of extreme
crystal fractionation involving plagioclase, clinopyroxene,
orthopyroxene and, to a lesser extent, olivine accumulation
(Pallister and Knight, 1981), with some possible enrichment
from shear zone fluids for sample AR-03-25. The REE patterns
of plagiogranites (Fig. 8C) show significant enrichments in LREE
as compared to gabbros. They show two distinct cases: (i) a
very significant LREE-MREE enrichment, up to 300 times
chondrite values for the lightest REEs, and negative Eu anom-
alies, or (ii) a very slight LREE enrichment (up to 10 times
chondrite values) for the two plagiogranites from Stepanavan
(sample AR-04-44, ARM-11-09). These latter samples are
characterized by a greater depletion in themiddle to heavy REE
sus ophiolite: An exceptional case of large-scale obduction, synthesis
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compared to other plagiogranites, and strongly positive Eu
anomalies (Eu/Eu* ¼ 4.05) that is ascribed to high plagioclase
contents due to their cumulative nature.

(2) In contrast, chondrite-normalized REE patterns of alkaline
lavas (Fig. 8D)show huge LREE enrichments versus HREE ((La/
Yb)N ¼ 6‒14), being characteristic of intraplate continental
basalts, as compared to ophiolite lavas. Meanwhile, no exten-
sive Eu anomalies were observed (Eu/Eu* ¼ 0.95‒1.15). The
pattern of a trachydacite sample (AR-04-75) is parallel to those
of the basanite-trachyandesite series having the highest overall
REE concentration.

(3) Chondrite-normalized REE patterns of calc-alkaline lavas are
strongly parallel and form a narrow domain (Fig. 8E). They have
similar HREE contents similar to volcanics of previous series
and display significantly more depleted to similar LREE con-
tents as compared to alkaline series rocks ((La/Yb)N ¼ 2.1e10).

These differences of trace element behaviours between the
three studied series further support that these rocks are petroge-
netically unrelated and, most likely derived from melts formed in
different tectonic settings.

3.1.2. Nd, Sr, Hf, Pb isotope geochemistry
3.1.2.1. Tholeiite ophiolite series. Initial εNdi values of the ophiolitic
tholeiites lavas from the different studied zones range from þ5.9
to þ9.5 (Supplementary Table 2). They are intermediate between
typical values of MORBs and OIBs (Fig. 9A,B). The gabbros have εNdi
(þ4.3 to þ6.5) and Sr isotopic values (0.70386e0.70557) in the
same range as volcanic rocks. The Pb isotopic ratios in ophiolitic
Please cite this article as: Rolland, Y et al., The East AnatoliaeLesser Cauca
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tholeiites (gabbros and basalts) range from 37.8 to 38.5 for
208Pb/204Pb, from 15.46 to 15.57 for 207Pb/204Pb and from 18.0 to
18.7 for 206Pb/204Pb (Fig. 9E‒H). In all the isotope diagrams both
volcanic and plutonic rocks overlap, or plot close to the N-MORB
domain. Both gabbros and basalts indicate a source region that
experienced long-term depletion in LREE (Fig. 9C). A trend towards
lower (Nb/La) ratios with increasing degrees of fractional crystal-
lization (from basalts to plagiogranites), suggests an increased
contamination by subduction fluids for more differentiated terms
in the series. The (87Sr/86Sr)i ratios range from 0.7037 to 0.7057 for
these rocks, which is significantly too high for typical tholeiitic
MORB lavas. These values are thus not considered as their primary
mantle-derived magmatic Sr isotope signature (Fig. 9A). This shift
towards high 87Sr/86Sr radiogenic ratios is commonly attributed to
exchange between rocks and seawater during oceanic crust hy-
drothermal alteration (e.g., McCulloch et al., 1981; Kawahata et al.,
2001; Bosch et al., 2004). Moreover, this increase of (87Sr/86Sr)i
ratios positively correlates with Sr, Ba, Rb and K2O contents, thus it
could also be ascribed to participation of sediments in the source
(e.g., Rehka and Hofman, 1997).

Plagiogranites show some significant variations in their isotopic
ratios. Their initial Nd and Sr isotopic ratios tends to more radio-
genic valuesþ 1.3< εNdi<þ5.5;þ5< εSri<þ16, in agreement with
significantly more radiogenic Pb and less radiogenic Hf isotopic
ratios than the rest of the tholeiite series: (207Pb/204Pb) ¼ 15.7;
(208Pb/204Pb) ¼ 44.8; (206Pb/204Pb) ¼ 20.2; εHfi ¼ 5.6. These more
radiogenic features correlate with a lower Nb/La ratio (in sample T-
11-36), which is therefore in agreement with an increased sub-
duction component.

To estimate the level of contamination which has occurred
during the ophiolitic rocks formation, mixing curves have been
sus ophiolite: An exceptional case of large-scale obduction, synthesis
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Figure 12. PT path of the Hınıs amphibolites, from the Akdag HT unit. The equilibrium phase diagram was undertaken on the dated amphibolite sample T-11-30using the software
Theriak-Domino (De Capitani and Petrakakis, 2010) in the Na2OeCaOeFeO-MgOeAl2O3eSiO2eH2OeTiO2eO-H (NCFMASHTOH) system. The internally consistent thermodynamic
dataset of Holland and Powell (1998) and subsequent updates (tc55) were used. Mineral abbreviations are from Whitney and Evans (2010), for main phases see Fig. 10 caption.
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drawn on Fig. 9H between different components: depleted
mantle pole (MORB), Enriched Mantle 1 and Enriched Mantle 2
(EM1 and EM2, respectively; Zindler and Hart (1986), Salters and
White (1998) and Hanan et al. (2000)). This isotopic modelling
suggests that basaltic ophiolite lava composition results from
contamination of a typical MORB by a possibly mixed source
composed of EM1, EM2 and/or HIMU (Fig. 9H). Such contamina-
tion suggests the participation of subducted slab sediments in the
source (EM1) and most likely a fertile E-MORB type source (EM2)
or influence by seawater. Contamination by seawater is likely as
highlighted by the spread towards higher εSr ratios than the
Please cite this article as: Rolland, Y et al., The East AnatoliaeLesser Cauca
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mantle correlation line in Fig. 9A. Plagiogranites show a more
radiogenic source correlating with an increasing subduction af-
finity (Fig. 9D), but the high 206Pb/204Pb ratios exclude to ascribe
this trend to the sole effect of seawater alteration and sediment
input. A possible mixing with a HIMU-type source is also sug-
gested (Fig. 9H).

3.1.2.2. Alkaline series. Overall, alkaline lavas show, in comparison
to ophiolite tholeiite rocks, lower initial εNdi values ranging
from þ2.1 to þ4.0 but have a similar range of (87Sr/86Sr)i ratios
(e15 <εSri< þ17). In the εNdi vs. εSri diagram (Fig. 9A) these rocks
sus ophiolite: An exceptional case of large-scale obduction, synthesis
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Figure 13. PTt paths compiled from metamorphic rocks from units underthrusted by the non-metamorphic ophiolite. PTt paths of Amasia and Stepanavan are after Hässig et al.
(2019) and Rolland et al. (2009a).
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are located in the OIB field. The lead isotopic ratios show higher
values (207Pb/204Pb) ¼ 15.57e15.68; (208Pb/204Pb) ¼ 39.2e40.8;
(206Pb/204Pb) ¼ 19.2e20.7 (Zindler and Hart, 1986), which are also
in agreement with the contribution of a OIB source (Fig. 9EeH). In
addition, the measured Hf isotopic ratios are the lowest of all
analysed samples (εHfi ¼ 0.4e4.6, Fig. 9B), in agreement with OIB
compositions (Fig. 9B). Isotopic modelling (Fig. 9H) suggests that
the alkaline lava composition results from contamination of a
typical MORB a more radiogenic source than EM2. HIMU, is the
only contributor of lead with 206Pb/204Pb > 19.2 to the system,
and is therefore invoked as a mixing component in many OIBs
(e.g., Thirlwall, 1997; Bosch et al., 2014). Mixing curves suggest
that composition results from the mixing of a MORB source with
7%e20% HIMU (Fig. 9H). However, spread in compositions in
Fig. 9DeH shows that a combination of EM1-EM2 with HIMU is
also required.

3.1.2.3. Calc-alkaline series. For the calc-alkaline lavas, the initial
εNdi values range from þ2 to þ6 and the epsi;Sri ratios range from
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e15 to þ17, respectively (Fig. 9A). The Pb and Hf isotopic ratios are
slightly more radiogenic than those of the tholeiite suite rocks:
(207Pb/204Pb) ¼ 15.58e15.67; (208Pb/204Pb) ¼ 38.7e39.0;
(206Pb/204Pb) ¼ 18.6e18.9, εHfi ¼ 4.7 (Fig. 9B‒H). These values
appear to be intermediate between those of ophiolitic tholeiites
and alkaline rocks, and Sr isotopic ratios plot in the same range as
these two series. Isotopic modelling (Fig. 9H) suggests that the calc-
alkaline lava composition results from contamination of a typical
MORB source by a significant amount of more radiogenic EM1-EM2
and HIMU sources, which reflects both the incorporation of a
subduction component (Fig. 9C) and the contribution of mantle
source similar to that of the alkaline series.

3.2. P-T-t onditions of the underthrusted TAP basement (Hınıs, East
Anatolia)

In this paper, we report new data on the TAP basement at Hınıs
(Fig. 3). For this study, we dated two samples by U/Pb dating of
titanite. The samples are one amphibolite (sample T-11-30) and
sus ophiolite: An exceptional case of large-scale obduction, synthesis
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Figure 14. Numerical model of obduction (after Hässig et al., 2016a, b). The selected model encompasses an entirely thermally rejuvenated old oceanic lithosphere (80 Ma old
lithosphere reheated during the Early Cretaceous plume events), with post-compression extension (5 cm/yr). For a full description of boundary conditions and details on the model
used, the reader is referred to Hässig et al. (2016a, b). Top sketch: setup of the different layers in the model featuring the North Anatolia/SAB passive margin and OCT (Ocean-
Continent Transition) with a serpentinized domain. Compressional and extensional velocities are applied at the lateral limits of the domain enlargement. The full model domain is a
4000 km � 1400 km box that includes asthenospheric mantle. Sketches A to E simulate a reactivation of compression on a previously passive North Anatolian margin, after
reheating of the oceanic domain. As illustrated in this figure, obduction of the oceanic lithosphere occurs within 7.5 Ma, and is followed by collapse towards the North due to
reactivation of the northern Neotethys subduction zone, which can be amplified by roll-back of the South Tethyan slab South to Anatolia. The exhumation of underthrusted
continental domains in this extensional setting occurs in 4.5 Ma.
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one of cross-cutting tourmaline-bearing leucogranite/quartz-
monzonite (sample T-11-26). Both samples show homogeneous,
unzoned titanite. Sample T-11-30 has patches of metamorphic
subhedral/anhedral titanite, which recrystallized with amphibole
(Hornblende, Suppl. Mat. 3) and plagioclase (An40), at the expanse
of a former clinopyroxene-rutile bearing assemblage (Fig. 10AeC).
Sample T-11-26 leucogranite shows perfect euhedral titanite
(Fig. 10D), which crystallized as an early magmatic phase, and
occurs as inclusions within large K-feldspars.

The analytical procedures of U/Pb dating are displayed in
Appendix A and the results are displayed on Appendix C Table and
in Fig.11. All sample T-11-30 individual spots grains arewell aligned
on a discordia line in the Tera-Wasserburg diagram, which defines a
lower intercept age of 80.0 � 3.2 Ma (2s; MSWD ¼ 0.31; Fig. 11). U/
Pb dating on titanite of leucogranite sample T-11-26 yielded a well-
defined lower intercept age of 78.3 � 3.7 Ma (2s; MSWD ¼ 0.84;
Fig. 11). These data are thus in good agreement with the previous
datings of Topuz et al. (2017) on basement gneisses. The age of HT
metamorphism obtained by two distinct methods (U/Pb on zircon
in Topuz et al. (2017) and titanite in this study) is similar within
error at w 80 Ma. In addition, we show here that the cross-cutting
leucogranites have, within errors, a similar age as the amphibolites.
This is in agreement with a common origin, i.e. derivation of the
leucogranites from the partial melting of basement metamorphic
rocks.

Thermobarometry was undertaken on the dated amphibolite
sample T-11-30. We computed the equilibrium phase diagram us-
ing the software Theriak-Domino (De Capitani and Petrakakis,
2010) (Fig. 12). The internally consistent thermodynamic dataset
of Holland and Powell (1998) and subsequent updates (tc55) were
used. Equilibrium phase diagrams were calculated in the
Na2OeCaOeFeO-MgOeAl2O3eSiO2eH2OeTiO2eOH (NCFMASH-
TOH) system. The stability field of the peak metamorphic assem-
blage (Feldspar e Clinopyroxene e Biotite-Clino-Amphibole e

Titanite e Quartz eRutile e Hematite) lies between 550 �C and
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710 �C and pressures between 0.05 GPa and 0.72 GPa. Based on the
composition of amphibole (0.3< AlVI< 0.4, Suppl. Mat. 3) measured
by EPMA and the corresponding isopleths computed from Theriak-
Domino, the stability field of T-11-30 amphibolite is estimated to be
at 660 � 20 �C and 0.66 � 0.06 GPa. Accordingly, the thin section
exhibits Hornblende þ Clinopyroxene þ Titanite þ Plagioclase þ
Hematite (Fig. 10A‒C). Towards the foliation planes, Clinopyroxene
is totally replaced by Hornblende (Fig. 10A), and rutile inclusions
occur within titanite, which suggest the main Amphibole-Titanite
assemblage replaced a former Clinopyroxene-Rutile assemblage
(Fig. 12). These mineralogical relationships agree for a P-T path
coming from a higher temperature, granulite facies, domain
(T > 700 �C; Fig. 12).
4. Discussion

The obduction process in the Anatolia-Armenia region is char-
acterized by several first order geological constraints, whichmay be
put forward to explain it. These include:

(i) The ophiolites in the studied regions represent remnants of a
single ophiolite nappe currently of generally less than one to
only a few kilometers thick. The nappe consists of an oceanic
lithosphere older than 80 Ma at the time of its obduction,
dominated by slightly serpentinized peridotites (e.g., Galoyan
et al., 2009; Rolland et al., 2009b).

(ii) The presence of widespread OIB-type magmatism preserved
on top of the ophiolites is indicative of mantle upwelling
processes (hotspot) active up to 5‒10 Ma prior to obduction
(e.g., Rolland et al., 2009b).

(iii) Continental underthrusting of the TAP-SAB, evidenced in the
crystalline basement rocks outcropping in the Hınıs region (E
Anatolia), and shows a metamorphic cycle compatible with a
burial up to 0.66e0.8 GPa (20e25 km; Topuz et al., 2017), and
sus ophiolite: An exceptional case of large-scale obduction, synthesis
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rapid post-obduction core complex exhumation in less than
10 Ma.

(iv) Between the TAP-SAB and the Pontides, an oceanic domain
(w1000 km) remained to be subducted after the obduction, as
evidenced by paleomagnetism on Coniacian-Santonian series
(Meijers et al., 2015). In the following, we discuss on the main
tectonic and magmatic phases, and on the triggering factors
leading to this large-scale obduction.
4.1. Significance of geochemical results for the origin, size and
magmatic history of the East Anatolian-Armenian ophiolite nappe

On the basis of similar geochemical and radio chronological data
concerning both ophiolitic and sub-ophiolitic lithologies as well as
sedimentary records, the size of the reconstructed obducted
ophiolitic nappe of the northern Neotethys segment (South of the
Izmir-Ankara-Refahiye-Amasia-Sevan-Akera suture zone) is of at
least 700 km in length and 100e200 km in width (Lordkipanidze
et al., 1989; Rolland et al., 2011; Danelian et al., 2012; Hässig
et al., 2013a,b,2015,2017) (Figs. 2, 4 and 5).

FromWest to East, a tendency is observed from fore-arc to back-
arc sequence (Fig. 7).

The thick calc-alkaline domain underthrusted below the
ophiolite at Erzincan exhibits a clear volcanic arc affinity, and
should therefore correspond to the arc part of the obducted
oceanic section. Its relatively low metamorphic conditions show
that the volcanic arc sequence was not obducted by the whole
ophiolite nappe, but was likely intercalated at intermediate
depth within the nappe (P < 0.5 GPa, Gücer and Aslan, 2014). As
a whole, the underthrusted TAP-SAB margin suffered a low-grade
metamorphic imprint, which is not clearly expressed in the
carbonate rocks. Meijers et al. (2015) demonstrated that the
paleomagnetic signal in the pre-obduction SAB limestones was
fully reset during the obduction, which requires a temperature
>200 �C coherent with a burial below a 20 km ophiolite nappe.

4.2. Time of obduction

The time for ophiolite obductions in the Middle East supports
sub-coeval ophiolite obductions at c. 90‒100 Ma in Anatolia (Parlak
and Delaloye, 1999; Galoyan et al., 2009; Rolland et al., 2009b;
Aslan et al., 2011; Hässig et al., 2013b,2019; Plunder et al., 2016) and
in Oman (95.5e96.5 Ma, e.g., Rioux et al., 2012) regions. The
geochronological data synthesized in section 2 and the results of
this paper converge to constrain a minimal age of about 95 Ma for
intra-oceanic initiation of the obduction, highlighted by the HP
rocks of the Stepanavan metamorphic unit (Figs. 5A and 13). Rela-
tively similar (within error) ages of Erzincan meta-volcanic arc
phyllites (100.8 � 3.4 Ma to 94.1 � 3.3 Ma), suggest the incorpo-
ration of the volcanic arc within the obduction stack in the early
stages of the nappe progression. Slightly younger ages obtained for
the Amasia garnet amphibolites (91e88 Ma), in the obduction sole,
argue for the propagation of the ophiolite in relatively hot
conditions.

4.3. Distance of ophiolite transport during obduction

Considering the distance between the suture zone and identi-
fied obduction fronts, in their present-day location, a minimum of
100 km of thrusting is needed to reach areas such as Vedi (Armenia)
or Hinis (Turkey) and up to 200 km are necessary to reach Khoy
(Iran) (Khalatbari-Jafari et al., 2004; Rolland et al., 2009a; Yýlmaz
and Yýlmaz, 2013; Avagyan et al., 2017).
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4.4. Reasons for the obduction: numerical modelling

Given the w80 Ma time span which separates the creation of
oceanic lithosphere and the onset of the obduction of the ophiolitic
nappe, the buoyancy of the cold oceanic lithosphere should lead to
a simple subduction and not to obduction (Hässig et al., 2016a, b).
The emplacement of an old (w80 Ma at the time of obduction)
oceanic crust over large distances (up to 300 km) onto a continental
crust is a puzzling geological problem. Themain explanation for the
transport of oceanic lithosphere onto the TAP-SAB is a net increase
in oceanic lithosphere buoyancy, based on the finding of wide-
spread hot-spot events in the North Neotethys domain leading to
emplacement of the alkaline series throughout the Anatolian-
Armenian ophiolite (Hässig et al., 2015, 2016a, b; Figs. 14 and 15).
Numerical modelling based on a simplified Ocean-Continent
Transition (OCT) allows to validate this hypothesis. As illustrated
in Fig.14, obduction of the oceanic lithosphere occurs within 7.5 Ma
(Hässig et al., 2016a, b). The thinning of the obducted nappe is
followed by collapse towards the North of oceanic lithosphere, due
to reactivation of the northern Neotethys subduction zone, which
would have been amplified by roll-back of the South Tethyan slab to
the South of Anatolia. As shown by the modelling, the exhumation
of underthrusted continental domains in this extensional setting
occurs in 4.5 Ma (Hässig et al., 2016a, b).

4.5. Post-obduction extensional thinning of the obducted nappe

In this paper (section 3), we obtain new constraints for the
metamorphism and magmatism of the Anatolian-SAB blocks dur-
ing and after the obduction, which give insights into the degree of
continental underthrusting and the behaviour of the obducted
oceanic lithosphere after its emplacement on top of the TAP-SAB
continental crust. Thermobarometry undertaken on Hınıs am-
phibolites yielded PTconditions of 660� 20 �C and 0.66� 0.06 GPa,
while Topuz et al. (2017), who obtained w0.7 GPa by conventional
geobarometry, and slightly higher temperatures of 760e830 �C (by
Ti-in-zircon and Zr-in-rutile thermometry). These pressure esti-
mates agree for 20e25 km burial of these Paleozoic (Ordovician)
meta-sedimentary units (Figs. 12 and 13). If we compare with
geological sections of the Taurides, the thickness of sedimentary
cover above the Ordovician would have reached a maximum of
3e4 km (Göncüoglu et al., 2004), thus w20 km of burial can be
ascribed to underthrusting below the ophiolite nappe (Fig. 15D).
Dating of peak metamorphic conditions by Topuz et al. (2017)
yielded an age of 83.2 � 3 Ma (U-Pb on zircon), which agrees
with our U-Pb dating of titanite from amphibolites (80.0 � 3.2 Ma).
According to Scott and St-Onge (1995) and Pidgeon et al. (1996), the
blocking temperature for titanite U/Pb dating is at 660e700 �C,
which is similar/slightly above to the crystallization temperature
obtained by thermobarometry, we thus assume that the obtained
Titanite U/Pb age dates the time ofmetamorphic recrystallization in
the amphibolite facies. The slight P-T-t difference obtained for
granulites and amphibolites is ascribed to the fact that rutiles
described by Topuz et al. (2017) are included within garnet cores,
and the dated zircon comes from metapelites which underwent a
significant migmatization. Hence, the rocks dated by Topuz et al.
(2017) might reflect an earlier stage of metamorphism. Accord-
ingly, the T-11-30 amphibolites might represent a deformed and
recrystallized equivalent of a pristine stage of post-obduction
magmatic activity. The gabbro intrusives are dated at ca. 85 Ma
by Topuz et al. (2017). However, based on unpublished geochemical
data, these authors rule out the possibility of amphibolites to be the
deformed equivalent of their dated gabbros, as amphibolites
display an anorogenic alkaline affinity, while the gabbros have an
orogenic tholeiitic affinity. The metamorphic fabric is cross-cut by
sus ophiolite: An exceptional case of large-scale obduction, synthesis
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Figure 16. Palinspasthic sketch reconstruction for Eastern Anatolia region, at the time of oceanic lithosphere obduction of the onto the northern margin of the TAP-SAB from Early
to Late Cretaceous. Positions of blocks, oceans and general configuration are after Rolland (2017), modified from Barrier and Vrielynck (2008) and Moritz et al. (2016). ATA:
Anatolites-Taurides block; ATB: Adjara-Trialeti basin; BFB: Balkan foldbelt; BPS: Bitlis-Pütürge suture; EAP: Eastern Anatolian platform; ECWIB: Eastern Caucasus Western Iran
Boundary (or Araks Fault); EBSB: East Black Sea Basin; GCB: Greater Caucasus basin; KOM: Khoy ophiolite massif; LCR: Lesser Caucasus Range; LCV: Lesser Caucasus volcanic arc;
MZT: Main Zagros thrust; NAF: North Anatolian Fault; PAM: Peri-Arabian massif; PoV: Pontides volcanic arc; PTB: Pontides-Transcaucasus block; SAB: South Armenian block; SAS:
Sevan-Akera Suture; SCB: South-Caspian basin; SkB: Sakarya block; SSB: Sanandaj-Sirjan block; TaP: Taurus platform; Tc: Transcaucasus; WBSB: West Black Sea Basin. Question
marks refer to the possible extension of the Great Caucasus basin, which closed in response to Arabia-Eurasia “soft” collision, as proposed by Cowgill et al. (2016) and Rolland (2017)
and challenged by Vincent et al. (2017).
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later leucogranites, which are dated at 78.3 � 3.7 Ma by U-Pb on
titanite (this study). Consequently, the whole sequence of events,
from gabbro emplacement to subsequent granulite and amphibo-
lite metamorphic overprints, and their (greenschist facies)
Please cite this article as: Rolland, Y et al., The East AnatoliaeLesser Cauca
of data and numerical modelling, Geoscience Frontiers, https://doi.org/10
overprint occurred within a short time range (85e78 Ma;
Fig. 15E,F). The full exhumation of the metamorphic core happened
before the Early Maastrichtian unconformity (ca. 70.6 Ma, after
Yýlmaz et al., 2010). Therefore, HP metamorphism and following
sus ophiolite: An exceptional case of large-scale obduction, synthesis
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(20e23 km) exhumation necessitate high cooling (>80 �C/Myr)
and uplift (>2 km/Myr to 2 mm/yr) rates from 85 Ma to 70 Ma.
Based on the structural setting (highlighted in section 2.1.2 and
Fig. 7), we suggest that the Hınıs high grade rocks were exhumed
below a nowadays flat tectonic contact overlain by an un-
metamorphosed ophiolite (Topuz et al., 2017), and by the combi-
nation of steeper normal faults which branched down onto this flat
contact (Fig. 15F). Such field relationships strongly suggest that the
flat tectonic contact is a detachment, and not a thrust as previously
proposed by Yýlmaz et al. (2010). This major detachment structure
exhumed the lower crust of Anatolia during the time constrained
by the above P-T-t sequence. The detachment sustained activity
during about 10 Ma is the best explanation for the high uplift rates
and cooling rates deduced from the metamorphic study. As a
matter of fact, onset of this major extensional phase onset occurred
only 5 Ma after the obduction. Similar tectonic unroofing of
metamorphic core complexes with detachment faulting during
extensional collapse is also described in other obduction contexts
such as Oman (Gray and Gregory, 2000; Fournier et al., 2006) and
New Caledonia (e.g., Aitchison et al., 1995).

4.6. Post-obduction extension and its relationship with subduction
reactivation

What is the reason for this post-obduction extensional phase? Is
it related somehow to subduction processes?

Several causes might be proposed: (1) extensional gravitational
collapse due to unstability of the superposition of an oceanic lith-
osphere above a continental lithosphere, triggered by the partial
melting of the fluid-rich underthrusted continental crust (cf
Vanderhaeghe, 2012) or by the delamination of the continental
Lithosphere (Topuz et al., 2017), (2) back-arc extension following
initiation of a subduction to the South of the TAP and roll-back of
this subduction towards the south (Rolland et al., 2012), or (3) onset
of a subduction zone in the northern Neotethys domain pulling
back the obducted oceanic lithosphere towards the North (Hässig
et al., 2015, 2017).

The fact that the East Anatolian metamorphism occurred during
the intrusion of mantle-derived melts (gabbros, tonalites; Topuz
et al., 2017) strongly suggests a subduction which was mature
enough at 85 Ma (Fig. 15E). The timing of metamorphic and
magmatic events along the SE Anatolian block is in good agreement
with this hypothesis, as in Southern Anatolia, Karao�glan et al.
(2016) obtained UePb zircon ages on subuduction-related
plutonic rocks ranging from 88 Ma to 81 Ma, with 40Ar/39Ar ages
indicating that these granitoids cooled below 300 �C in 6e10 Ma.
Therefore, these authors give a confirmation for the activation of a
subduction zone to the South of the Anatolian block by ca. 88 Ma,
i.e., 2 Ma after the end of the obduction (Fig. 15D,E). Further, the age
of the Yüksekova ophiolite, which bounds to the South of the
Anatolian block, preserves a back-arc affinity and is dated at
81.9 � 0.6 Ma to 78.7 � 1 Ma by 40Ar/39Ar on hornblende (Rolland
et al., 2012), confirmed by radiolarian dating by Tekin et al. (2015).
Therefore, the Yüksekova oceanic units, which have aback-arcbasin
affinity (Rolland et al., 2012; Ural et al., 2015) may have formed in
response to roll-back of the South-Tethyan slab and marginal basin
opening to the South of the Anatolian Block, as also proposed for
SW Iran (Whitechurch et al., 2013). This phase of roll-back is a
possible cause for the onset of post-obduction gravitational
collapse. The extensional context in Anatolia-SAB may be also
influenced by regained subduction below the Pontides-
Transcaucasus margin (Fig. 15F). Finally, the age of the Bitlis HP
rocks dates back to 70e74Ma (Oberhänsli et al., 2010; Rolland et al.,
2012). This suggests a phase of continent collision of the Bitlis
terrane with Anatolia, which terminated the phase of Yüksekova
Please cite this article as: Rolland, Y et al., The East AnatoliaeLesser Cauca
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back-arc basin opening and coincides with the end of extensional
tectonics within the Anatolian plateau. To the North of the Neo-
tethyan domain, post-obduction reactivation of subduction of the
northern Neotethys domain occurs between early‒middle Turonian
and Santonian (84e90 Ma). This change of the northern Neotethys
ocean boundary conditions is thus likely influential on the exten-
sional tectonics leading to the tectonic thinning of the obducted
ophiolite sequence (Fig. 15F). Therefore, the post-obduction tec-
tonic collapse of the obducted ophiolite nappe is ascribed to a
combination of processes including the thermal maturation of the
underthrusted continental crust highlighted by the HT meta-
morphism of Hınıs Akdag tectonic window, subduction and roll-
back of the southern Neotethys slab to the South of Anatolia, and
reactivation of subduction of the northern Neotethys slab below
Pontides‒Transcaucasus. The HT metamorphism of Hınıs Akdag
could result from a supra-subduction complex, or to the perma-
nence of the hot-spot activity below the TAP.

5. Conclusion

A model for the emplacement of the large-scale Anatolian-
Armenian ophiolite is proposed on the base of the structural,
geochemical and geochronological studies pertaining to preserved
oceanic crust domains and of themetamorphic rocks beneath these
ophiolites (Figs. 15 and 16):

(1) The magmatic and ultrabasic rocks composing the ophiolitic
nappe originate from a SSZ basin that slowly opened in a pre-
existing ocean domain, while this domain subducted under
Eurasia farther North (Figs. 15A and 16A). We thus infer the
existence of an intra-oceanic subduction at this time (Ear-
lyeLate Jurassic) and a probable roll-back of the intra-oceanic
subduction slab as a motor for this spreading.

(2) In the East Anatolian ophiolites, three magmatic suites are
evidenced one on top of the other: (i) oceanic crust with
tholeiitic magmatic rocks resembling N-MORB contaminated
by slab fluids. This series is topped by (ii) basaltic flows or
volcanic tuff with alkaline tendencies, which represent an OIB
source, widespread in the northern Neotethys domain during
the Early Cretaceous. Radiochronology and biostratigraphy
both show that emplacement of this second suite occurs in an
ocean environment prior to ophiolite obduction until Early‒
Late Cretaceous times. (iii) An Early/Late Cretaceous calc-
alkaline series, with intermediate geochemical features be-
tween tholeiitic and alkaline is interpreted as resulting from
the remelting product of a mantle previously contaminated by
the OIB plume, in a supra-subduction zone context, at the onset
of the obduction, in an intra-oceanic domain (Figs. 15B and
16B).

(3) The Erzincan metavolcanics are suggested to represent the
volcanic arc formed above the intra-oceanic subduction, which
was further dragged under the obducting ophiolite through
scaling, faulting and tectonic erosion (Fig. 15C,D).

(4) Reconstructions of the ophiolitic nappe account for a length up
to 2300 km of ophiolite overthrusting from the present suture
zone to Khoy (Iran), hypothesized to represent the most distal
obduction front (Fig. 16D). The olistostrome yields a lower
chronological limit to this obduction to the Cenomanian (ca.
94 Ma). This observation is coherent with metamorphic ages
for Erzincan low-grade metamorphic unit, the Amasia garnet
amphibolites and the Stepanavan blueschists (Fig. 15C,D).

(5) In order to explain such an obduction event, the oceanic crust
thrusted in the proposed pre-obduction setup must be partic-
ularly hot. The heating of the oceanic lithosphere would be due
to important upwellingmantle flows, evidenced by the alkaline
sus ophiolite: An exceptional case of large-scale obduction, synthesis
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volcanism on the ophiolite, thus altering its rheological prop-
erties (Figs. 15B and 16C). This hypothesis is validated by a
numerical model.

(6) Post-obduction gravitational collapse (Figs. 15E,F and 16D) is
ascribed to a combination of (1) subduction and roll-back of the
southern Neotethys slab to the South of Anatolia, (2) reac-
tivation of subduction of the northern Neotethys slab below
PontideseTranscaucasus and (3) thermal maturation of the
underthrusted Anatolian continental crust.
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