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[1] The Pontides in northern Turkey constituted part of the southern active margin of
Eurasia during the Mesozoic. In the Early Cretaceous, a large submarine turbidite fan
covered most of the Central Pontides. New U-Pb detrital zircon data imply that the major
source of the turbidites was the East European Craton-Scythian Platform in the north. This
implies that there was no thoroughgoing Black Sea basin between the Pontides and the
East European Craton during the Early Cretaceous. The Lower Cretaceous turbidites are
bounded in the south by a large metamorphic area, the Central Pontide Supercomplex
(CPS). New geological mapping, petrology, and U-Pb zircon and Ar-Ar muscovite ages
indicate that the northern part of the CPS consists of Lower Cretaceous distal turbidites
deformed and metamorphosed in a subduction zone in the Albian. The rest of the CPS is
made of Middle Jurassic, Lower Cretaceous, and middle Cretaceous (Albian)
metamorphic belts, each constituting distinct subduction-accretion units. They represent
episodes of collision of oceanic volcanic arcs and oceanic plateaus with the Eurasian
margin and are marked in the stratigraphy of the hinterland by periods of uplift and erosion.
The accretionary complexes are overlain by Upper Cretaceous (Turonian-Santonian)
volcano-sedimentary sequences deposited in a fore-arc setting. The detrital zircon data,
middle Cretaceous (Albian) metamorphism, and widespread Albian uplift of the Black Sea
region suggest that Early Cretaceous (Barremian-Aptian) nonvolcanic rifting and Late
Cretaceous (Turonian-Santonian) opening of the Black Sea by the splitting of the arc are
unrelated events.
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1. Introduction

[2] In active plate margins, the relationship between exten-
sion, contraction, sedimentary deposition, and metamorphism
is often complex and changes both spatially and temporally.
This is especially the case in regions where back-arc extension

occurs during subduction. An example is the Black Sea-Pontide
system, where subduction of the Tethyan ocean under the
Pontides during the Cretaceous is linked to the opening of the
Black Sea as a back-arc basin [e.g., Boccaletti et al., 1974;
Zonenshain and Le Pichon, 1986; Okay et al., 1994;
Robinson et al., 1996]. At present, a distance of ~100km,
corresponding to the width of the Pontide mountain chain, sep-
arates the undeformed Cretaceous to Recent sediments of the
Black Sea basin from the İzmir-Ankara suture, representing
the location of the former oceanic subduction zone (Figure 1).
The Cretaceous rocks of the Pontides record both the exten-
sional opening of the Black Sea in the north and the subduc-
tion-related shortening and metamorphism in the south. In this
context, we have studied the relationship between deposition,
contractional deformation, and metamorphism of an extensive
Lower Cretaceous submarine turbidite sequence in the Central
Pontides with outcrops extending from the Black Sea margin
to the İzmir-Ankara suture (Figure 1). Through geological
mapping, biostratigraphy, petrology, and zircon U-Pb and
muscovite Ar-Ar geochronology, we show that deposition of
the submarine turbidites in the north during the Early
Cretaceous (Barremian-Aptian) was immediately followed
and partly overlapped with their contractional deformation
and metamorphism in the subduction zone in the south.

Additional supporting information may be found in the online version
of this article.
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[3] Tectonic events in active continental margins, such as
collisions with large oceanic edifices, lead to deformation
and uplift in the continental hinterland and influence the
sedimentation pattern. We explore this relation by comparing
the ages of the subduction-accretion episodes of the Pontide
margin with the sedimentation pattern in the Eurasian hinter-
land in the Black Sea region.
[4] The Black Sea basin with its>10 km thick sedimentary

infill is an active area for hydrocarbon exploration, with
several dry deep-sea wells opened recently by BP, Petrobras,
ExxonMobil, Chevron, and Turkish Petroleum Corporation
along the southern Black Sea margin (http://www.tpao.gov.
tr/tp2/sub_en/sub_content.aspx?id=79). A major problem
encountered in these wells has been the poor quality of potential

sandstone reservoirs [e.g.,Vincent et al., 2013]. In this context,
the source of the sandstones in the Black Sea basin, whether
from the granitoids and gneisses of the East European
Craton in the north or from the metamorphic and volcanic
rocks from the Pontides, is a key issue. Here, we provide
clastic zircon data from the Lower Cretaceous sandstones
and Ar-Ar data from the metamorphic rocks, which point to
the East European Craton as a major source for the Lower
Cretaceous sandstones in the Black Sea region.
[5] The Central Pontides has been an important area for

the development of the models and concepts related to the
Paleo-Tethys [Şengör et al., 1980, 1984; Yılmaz and Şengör,
1985; Tüysüz, 1990; Tüysüz and Yiğitbaş, 1994; Ustaömer
and Robertson, 1994, 1997, 1999; Yılmaz et al., 1997b].

Figure 1. Tectonic map of the Eastern Mediterranean-Black Sea region. Abbreviations: CPS, Central
Pontide Metamorphic Supercomplex; E, Erzincan; Ç, Çankırı; WBS Fault, West Back Sea Fault.
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In these studies, the large area of greenschist-facies to
eclogite-facies metamorphic rocks in the southern part of
the Central Pontides (Figure 1) has been considered to have
formed during the Triassic subduction of the Paleo-Tethys.
Through zircon U-Pb and mica Ar-Ar geochronology, we
show here that the sedimentation and metamorphism in this
region are of Early Cretaceous and Jurassic ages. This
requires revision of the models related to the evolution of
the Paleo-Tethys, including the prevalent concept of the
Triassic Küre back-arc basin.

2. Geological Setting

[6] The Pontides is the mountain chain between the Black
Sea and the Anatolide-Tauride and Kırşehir blocks in Turkey
(Figure 1). The İzmir-Ankara suture, which separates the
Pontides from the Anatolide-Tauride and Kırşehir blocks,
represents the trace of a wide Tethyan ocean, which was
finally closed through northward subduction during the latest
Cretaceous to early Tertiary [Şengör and Yılmaz, 1981; Okay
and Tüysüz, 1999; Cavazza et al., 2012]. Paleogeographically,
the Pontides have been part of the southern margin of Eurasia
at least since the Early Mesozoic [e.g., Enay, 1976; Channel
et al., 1996].
[7] The Pontides consist of three terranes, which are the

Sakarya and Istanbul zones, and the Strandja Massif
[Figure 1; Okay and Tüysüz, 1999]. The Central Pontides is
a loosely defined term describing the northward arched
section of the Pontide mountain chain. It includes two of
the Pontic terranes: the Istanbul Zone in the west and the
Sakarya Zone in the east. In the northern part of the Central
Pontides, an Upper Jurassic-Lower Cretaceous shallow
marine carbonate sequence covers unconformably the units of
the Istanbul and Sakarya zones (Figure 2), showing that they
were amalgamated before the Late Jurassic [e.g., Yiğitbaş
et al., 1999; Figures 2 and 3].

3. Lower Cretaceous Turbidites: The
Çağlayan Formation

[8] Geological map of the Central Pontides, published by
the Geological Survey of Turkey (Maden Tetkik ve Arama
Enstitüsü, Ankara), shows large areas made up of “Upper
Paleozoic-Triassic metamorphic rocks” [Uğuz et al., 2002].
However, our mapping has showed that large parts of these
“metamorphic rocks” are constituted of Lower Cretaceous
turbidites, which cover an area measuring 300 km by 60 km
(Figures 1 and 2). They are often described as the Çağlayan
Formation in the east and the Ulus Formation in the west
[e.g., Tüysüz, 1999]. Both formations have a similar age
and lithology, and the name Çağlayan Formation will be used
here for all the Lower Cretaceous turbidites in the Central
Pontides. Recent determination of nannofossils from an
extensive sample set from the Çağlayan Formation by
Hippolyte et al. [2010] produced predominantly Barremian
to late Aptian ages, which are compatible with the earlier
paleontological age data [Gedik and Korkmaz, 1984,
Tüysüz, 1999]. The maximum thickness of the Çağlayan
Formation is difficult to determine precisely because of
deformation and because of its erosional upper boundary.
Most estimates put it in the range of 2000–3000m [Aydın
et al., 1982; Gedik and Korkmaz, 1984; Tüysüz, 1999;

Hippolyte et al., 2010]. The Ulus-1 well north of Karabük
has penetrated 2850m of the Çağlayan Formation
[Derman, 2002], and the Boyabat-3 and Boyabat-4 wells
north of Boyabat have gone through 3000m of Lower
Cretaceous turbidites [Şen, 2013]. The Çağlayan Formation
continues north toward the Black Sea under the younger
cover; the Soğuksu-1 well southeast of Ayancık (Figure 2)
has cut through 1050m of Lower Cretaceous turbidites under
the Upper Cretaceous volcanic rocks [Korkmaz, 1992].
[9] The Çağlayan Formation rests unconformably on

various basement units of the Istanbul and Sakarya zones,
ranging from Neoproterozoic granites, Paleozoic and Triassic
sedimentary rocks, Jurassic granitoids, and Upper Jurassic-
Lower Cretaceous limestones [Figures 2 and 3; Tüysüz,
1999]. The youngest rocks below the Çağlayan Formation
are shallow marine carbonates, which have a Kimmeridgian
to Berriasian age range in the Central Pontides [Tunoğlu,
1991; Derman, 2002; our unpublished data]. This indicates
significant uplift and erosion in the Early Cretaceous
(Valanginian-Hauterivian) prior to the deposition of the
Çağlayan Formation. The Çağlayan Formation is unconform-
ably overlain by the Upper Cretaceous pelagic limestones
[Tüysüz, 1999; Okay et al., 2006; Hippolyte et al., 2010].
[10] Outcrops of Barremian to Albian shallow marine

carbonate, shale, and sandstone along the Black Sea coast
between Zonguldak and Amasra delimit the northwestern
margin of the Çağlayan basin [Figure 2; Tüysüz, 1999;
Yılmaz and Altıner, 2007; Masse et al., 2009; Hippolyte
et al., 2010]. Lower Cretaceous rocks are absent further
west along the Black Sea margin. In the western Sakarya
Zone, the Early Cretaceous (Berriasian-Aptian) is repre-
sented by pelagic carbonates [Altıner et al., 1991], which
also extend further east toward the Eastern Pontides
[Figure 1; Rojay and Altıner, 1998]. However, over most
of the Eastern Pontides, the Aptian-Albian period is
usually a hiatus in the stratigraphy [Robinson et al., 1995;
Okay and Şahintürk, 1997]. The Çağlayan basin as used
here is generally divided into an Ulus basin in the west
and Sinop-Boyabat basin in the east; however, our mapping
has shown that these basins are interconnected and form a
single turbidite depocenter.
[11] Proximal to distal turbidites consisting of sandstone

and dark shale are the most common sedimentary facies in
the Çağlayan Formation [e.g., Tüysüz, 1999; Hippolyte
et al., 2010]. They display typical turbidite features in-
cluding Bouma sequences, graded bedding, flute casts,
grooves, slump structures, etc. [e.g., Aydın et al., 1982;
Derman, 2002]. The Çağlayan Formation also contains
extensive mass flow horizons ranging from grain flows
to olistostromes with clasts up to a few kilometers across
[Görür, 1997]. The most common clasts are Upper
Jurassic-Lower Cretaceous shallow marine limestone with
lesser blocks of Paleozoic and Triassic sandstone and lime-
stone, phyllite, and granitoid [Tüysüz, 1999; Derman,
2002]. Associated with the olistostromes are 100m thick
sequences of medium-bedded calciturbidite and shale.
Toward the south, turbidites become more distal and are
dominated by black shales with few and fine-grained sand-
stone and mass flow horizons.
[12] The olistoliths in the Çağlayan Formation are especially

large and dense in the region between Azdavay and Küre
(Figure 2). The allochthonous setting of the kilometer-size
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blocks are proved by the exploratory coal wells drilled in the
Carboniferous series in the Azdavay region. Several of the
wells have passed through the Carboniferous and Triassic
sequences and have entered Lower Cretaceous turbidites at
depths of 100 to 500m [Canca, 1994]. The olistoliths are asso-
ciated with debris flows with the clasts ranging from a few
centimeters to a hundred meters. The kilometer size of the
olistoliths precludes long-distance transport. This is also
shown by the observation that the Paleozoic-Triassic blocks
are restricted to the western part of the Central Pontides
(Figure 2). In the eastern Sakarya part of the Central
Pontides, the olistoliths are predominantly Upper Jurassic-
Lower Cretaceous limestone. Based on the paleostress studies
in the Çağlayan Formation, Hippolyte et al. [2012] infer that
the pre-Cretaceous substratum was disrupted and fragmented

under ESE directed extension during the Barremian and
Aptian. The large blocks must have slid from uplifted horsts
into the adjacent basins, which had depths of over a kilometer.
With these extensional features, the Çağlayan Formation is
interpreted as the syn-rift deposits of the Black Sea basin
[Görür, 1988, 1997].
[13] In terms of hydrocarbon potential, the Çağlayan

Formation shows source, reservoir, and seal characteristics
[Aydın et al., 1995; Robinson et al., 1996; Görür and
Tüysüz, 1997; Şen, 2013], and there is one oil seep in the
Çağlayan Formation north of Boyabat [Derman and İztan,
1997]. The shales of the Çağlayan Formation have variable
total organic carbon contents ranging from 0.5 to 2.0wt%.
Several dry oil wells have been drilled in the Central
Pontides targeting the Çağlayan Formation [Şen, 2013].

Figure 2. Geological map of the northern Central Pontides [compiled from Aksay et al., 2002;Uğuz et al.,
2002 and this study].
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[14] The turbidites of the Çağlayan Formation are strongly
folded and locally faulted. The wavelength and amplitude of
folding are generally in meters to tens of meters in scale, and
the folds die out both vertically and horizontally over tens to
hundred meters distance, which is typical for the deformation
of flysch. The attitude of bedding changes over short dis-
tances because of folding and slumping. Cleavage is often
observed in shales west of Devrekani and is commonly
folded, suggesting polyphase deformation. The lack of
marker horizons makes the decipherment of the large-scale
structures difficult. The age of the deformation is poorly
constrained and is usually assumed to be Eocene or younger
[Sunal and Tüysüz, 2002].

4. The Martin Complex: Metamorphosed Lower
Cretaceous Turbidites

[15] In the south, in the region between Devrekani and
Araç (Figure 2), the Çağlayan Formation is in contact
with a low-grade metamorphic unit, herein called the
Martin Complex, which is considered as Triassic or older
basement [e.g., Yılmaz and Şengör, 1985; Tüysüz, 1999;
Ustaömer and Robertson, 1994, 1999; Yılmaz et al.,
1997b; Yiğitbaş et al., 1999; Uğuz et al., 2002]. The
Martin Complex is made up predominantly of slate and
phyllite with minor intercalated thinly to medium-bedded
black recrystallized limestone, metasiltstone, and fine-

Figure 3. Generalized stratigraphic section of the Central Pontides with emphasis on the Çağlayan
Formation. Also shown is the detrital zircon distribution in the sandstones of the Çağlayan Formation.
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grained metasandstone. There are also minor (<5%)
metabasite and metachert layers within the metaclastics.
The metamorphism is in low greenschist facies in regions
close to the contact with the Çağlayan Formation, where

the dominant rock types are black slates and intercalated
thinly bedded recrystallized black limestones. Further
southeast, the rocks consist predominantly of phyllites
(>80%) with minor marble and metabasite. The metabasites

Figure 4. Geological map and cross section of the region between Araç and Daday in the southwestern
part of the Central Pontides. For location, see Figure 2.

OKAY ET AL.: CRETACEOUS SEDIMENTATION AND OROGENY

1252



show a typical greenschist-facies mineral assemblage of
actinolite + chlorite + albite + epidote + titanite.
[16] Our geological field mapping of the contact between

the Çağlayan Formation and the metamorphic rocks showed
that the region consists of a number of north to northwest
dipping thrust slices of fine-grained clastic and metaclastic
rocks, which show an increasing degree of metamorphism
toward the southeast (Figure 4). The thrust slices range from
unmetamorphosed distal turbidites of the Çağlayan Formation
in the north through slates to phyllites in the southeast. The
phyllites are cut by a large number of shear planes, separated
by hundreds of meters, suggesting that the Martin Complex
constitutes a thrust stack rather than a continuous stratigraphic
sequence. Tectonic repetition of metabasite-metachert-phyllite
sequences north of Daday supports this inference.

4.1. Metamorphic Age of the Martin Complex

[17] So far, there have been no age constraints on the
Martin Complex apart from the unconformably overlying
Lower Eocene limestones. To constrain its age of metamor-
phism, we have dated muscovites from five phyllite samples
using the Ar/Ar laserprobe technique. The samples consist of
fine-grained quartz, chlorite, and muscovite (see ds04 in the
supporting information). Two methods were used: laser spot
dating on polished slabs and single-grain fusion of individual
muscovite minerals. The location of the samples is shown in
Figure 4, and the Ar/Ar age dating results are summarized in
Table 1. Details of mineral separation and dating methods,
full Ar/Ar data set, and petrographic description of the dated
samples are given in the supporting information. We use
Gradstein et al. [2004] for the geological timescale.
[18] Muscovite separates from four phyllite samples gave

Early Cretaceous (Albian) ages ranging from 102 to 112Ma
(Figure 5); laser spot Ar/Ar ages from the polished slabs for
two samples (2430B and 2457) also produced Albian ages
similar to those from the muscovite separates (Table 1). The
metamorphism is in low greenschist facies, and the metamor-
phic temperatures were less than 400°C [e.g., Yardley, 1989],
indicating that the Ar-Ar data represent the age of metamor-
phism. The age results indicate that the metamorphism of the
Martin Complex occurred in the Albian (107± 4Ma) and
was coeval or slightly postdated the deposition of the
Çağlayan Formation (Figure 3).

4.2. Thrust Sheets Over the Martin Complex

[19] The Çağlayan Formation and the Martin Complex are
tectonically overlain by the crystalline basement and the
Paleozoic sedimentary sequence of the Istanbul Zone,
known as the Karadere Series, and by the Kürek granitoid
(Figures 2 and 4). The basement rocks of the Istanbul Zone
consist of gneiss and late Neoproterozoic metagranitoid with
590–560Ma zircon Pb-Pb ages [Chen et al., 2002], which
are unconformably overlain by an Ordovician to Devonian
sedimentary series [Boztuğ, 1992; Dean et al., 2000]. The
Rb-Sr biotite ages from the metagranitoid are also
Neoproterozoic (548–545Ma) and show that the Karadere
Series were not reset by a subsequent Phanerozoic metamor-
phic event. In the north, the Karadere Series lie with a low to

Table 1. Ar-Ar Age Results

Sample UTM Coordinates Formation Rock Type Dated Mineral WTD Mean Age Error ± MSWD No. of Analysis

1262 36 T05 41 483–45 97 700 Martin Complex Phyllite Muscovite 102.1 1.0 13.0 15 grains
1263 36 T05 41 513–45 97 409 Martin Complex Phyllite Muscovite 105.6 1.3 28.0 18 grains
2430A 36T05 24 926–45 77 225 Martin Complex Phyllite Muscovite in Slab 107.8 1.6 65.0 8 spots
2430B 36 T05 24 926–45 77 225 Martin Complex Phyllite Muscovite 110.0 1.6 7.6 10 grains
2430B 36 T05 24 926–45 77 225 Martin Complex Phyllite Muscovite in Slab 105.8 2.0 55.0 10 spots
2457 36 T05 28 858–45 84 026 Martin Complex Phyllite Muscovite 112.8 1.5 3.1 9 grains
3144 36 T06 38 691–45 69 805 Domuzdağ Complex Micaschist Muscovite 114.1 3.3 24.0 13 grains
3148 36 T06 61 656–45 72 910 Domuzdağ Complex Micaschist Muscovite 107.0 4.6 3.0 13 grains
2756 36 T05 96 857–46 09 184 Çangaldağ Complex Phyllite Muscovite 125.0 1.4 3.0 14 grains
2777 36 T05 96 857–46 09 184 Çangaldağ Complex Phyllite Muscovite 136.1 3.8 25.0 15 grains
2912 36 T05 48 516–45 79 051 Saka Complex Micaschist Muscovite 163.8 1.5 7.2 10 grains
3042 36 T05 44 386–45 72 326 Saka Complex Micaschist Muscovite 170.0 2.4 19.0 9 grains
3061C 36 T05 31 822–45 70 356 Saka Complex Micaschist Muscovite 161.5 0.6 0.9 9 grains
3140 36 T06 30 690–45 59 513 Saka Complex Micaschist Muscovite 162.2 4.1 6.2 10 grains
2478 36 T05 19 320–45 82 570 Kürek Granitoid Diorite Hornblende 228.0 11.0 23.0 10 grains

The UTM coordinates are in the European 1979 grid, which is closely compatible with the 1:25,000 scale topographic maps of Turkey. For full analytical
data, see Table 1 in the supporting information.

Figure 5. Ar-Ar white mica ages from the Martin and
Domuzdağ complexes. For analytical data, see the supporting
information. The Ar-Ar age from sample 9C is from Okay
et al. [2006], and the rest is from this study. Error bars are 2σ.
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medium dipping tectonic contact over the Çağlayan Formation
[Boztuğ, 1992, and our observations], and in the east, it lies
through an imbricate tectonic zone made up of basement slices
over the slates and phyllites of the Martin Complex [Figure 4;
Yiğitbaş et al., 1999]. In the structurally upper parts of the
Martin Complex close to the overlying thrust sheets, there
are blocks, up to 100m across, of granitoid and quartz-
porphyry within the phyllites. Zircons from one granitoid
sample produced late Neoproterozoic ages (sample 2459
in Figure 4, circa 598Ma; Thomas Zack, personal commu-
nication), indicating that they were derived from the base-
ment of the Istanbul Zone.
[20] The Kürek granitoid is a bimodal pluton consisting of

diorite intruded by granite-granodiorite and is considered as a
Jurassic intrusion in the metamorphic rocks of the Martin
Complex [Yılmaz and Boztuğ, 1986; Boztuğ, 1992; Yiğitbaş
et al., 1999]. The diorite is made up essentially of plagioclase
and hornblende with minor biotite, and the granite-granodiorite
comprises plagioclase, K-feldspar, and biotite. Most of the
biotite is chloritized, and hornblende is commonly rimmed
and replaced by later lighter green calcic amphibole. Our
geological mapping showed that the Kürek granitoid does
not intrude the phyllites of the Martin Complex but lies tecton-
ically over them (Figure 4). To establish the age of the Kürek
granitoid, we have dated zircons from a granitic sample
(sample 2557) and hornblendes from a diorite (sample 2478).
The U-Pb zircon dating produced a well-constrained Late
Permian (262± 3Ma) intrusion age (Figure 6). The horn-
blende Ar-Ar single grain fusion ages scatter between
256Ma and 210Ma with relatively large errors, probably as
a result of the late stage subsolidus recrystallization
(Table 2). An average hornblende Ar-Ar age of 228± 11Ma
(n=10) suggests cooling of the Kürek granitoid during the
Middle Triassic. Thus, the Kürek granitoid is an Upper
Permian pluton with Triassic cooling ages. Upper Permian
granitoids crop out further west in the Istanbul Zone
[Yılmaz, 1975; Ustaömer et al., 2005; Bozkurt et al., 2012]

and are also described from the Strandja Massif [Okay
et al., 2001; Sunal et al., 2006] but are not known from
the Sakarya Zone.
[21] At least two periods of shortening are present in the

area north of Araç. The first one was during the Albian, when
the Martin Formation was deformed and metamorphosed.
The second deformation phase postdates the deposition of
the Upper Cretaceous Araç Formation (see below), which
occurs as tectonic slices in the metamorphic rocks (Figure 4).
The latter phase is constrained between Santonian, the
youngest age from the Araç Formation, and Early Eocene,
which is the age of the shallow-marine limestones that cover
the tectonic contacts between the metamorphic rocks and
the Araç Formation [Figure 4; Özcan et al., 2007; Özcan,
personal communication]. It is difficult to differentiate the
structures formed during each of these deformation phases,
as they have a similar orientation and were probably part of
the same progressive shortening process. The attitude of the
thrust planes and the shape of the imbricate duplexes
(Figure 4) and minor structures (vergence of mesoscopic
folds, shear planes) indicate top-to-east-southeast shortening.
The pre-Jurassic terrane boundary between the Istanbul
and Sakarya zones in the Central Pontides strikes north-
south (Figure 1), which controlled the subsequent
structures. Furthermore, based on paleomagnetic mea-
surements, Meijers et al. [2010a] infer up to 40° anti-
clockwise rotation in the western part of the Central
Pontides during the latest Cretaceous-Paleocene. Adjusting
for this rotation, the shortening during the Cretaceous is top-
to-south-southeast.

5. Provenance of the Çağlayan Formation
and the Martin Complex: Clastic Zircons
From the Sandstones

[22] We have dated 310 clastic zircons from three sandstone
samples from the Çağlayan Formation and one metasandstone

Figure 6. Zircon U-Pb diagram from the Kürek granitoid. For analytical data, see Table 2.
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from the Martin Complex to constrain their source and to
test their equivalence. The samples come from the southern
part of the Çağlayan Formation close to the contact with the
Martin Complex (samples 2221, 2239, 2640, and 2721;
Figures 2 and 4). Details of the mineral separation, dating
method, and the analytical data are given as ds01 and ds03
in the supporting information.

5.1. Depositional age of the Martin Complex

[23] The youngest zircons from the Martin Complex
(171Ma; Figure 7) indicate a post–Early Jurassic deposi-
tional age. This, together with its Early Cretaceous (Albian)
metamorphic age and the ubiquitous Upper Jurassic-Lower
Cretaceous (Kimmeridgian-Berriasian) limestones in the
Central Pontides, constrains the deposition of the Martin
Complex to Valanginian-Aptian. Lithological similarity
between the Martin Complex and the Çağlayan Formation
suggests that the Martin Complex has a similar age range
(Barremian-Aptian) as the Çağlayan Formation. Furthermore,
the clastic zircons from the Çağlayan Formation and the
Martin Complex exhibit a similar age pattern (Figures 7 and 9)
suggesting a common source. The Early Cretaceous
transgression may have started in the south, and the basal
age of the Martin Formation can possibly go down to
Hauterivian (Figure 12). This is suggested by the
Hauterivian nannofossil ages from two samples from the
southern part of the Central Pontides in the Ağlı area
[Hippolyte et al., 2010]. The clastic zircon ages and the lith-
ological features of the Martin Complex indicate that it

represents the metamorphosed distal parts of the Lower
Cretaceous turbidites. The metabasite-metachert horizons
in the Martin Complex probably represent the upper parts
of the oceanic crust on which the turbidites were deposited.

5.2. East European Craton as a Major Source
for the Lower Cretaceous Turbidites

[24] The zircon age distribution from the Lower Cretaceous
turbidites, including the metasandstone sample from the
Martin Complex, shows five prominent peaks (Figure 8): (a)
Triassic-Carboniferous, (b) Silurian (432±11Ma), (c) early
Neoproterozoic-Mesoproterozoic, (d) Paleoproterozoic (1800–
2100Ma), and (e) early Paleoproterozoic-late Archean (2400–
2550Ma). Paleoproterozoic zircons are the most common,
making up 29% of the total zircon population followed by
Paleozoic zircons (26%).Mesozoic and Neoproterozoic zircons
each make up 16% of the zircon population trailed by
Mesoproterozoic (8%) and Archean (5%) zircons.
[25] No Paleoproterozoic or Archean rocks are known in

the Pontides or in Turkey, which has a predominantly late
Neoproterozoic basement. An Archean-Paleoproterozoic
basement, however, crops out widely in the Ukranian shield
and in the East European Craton in general [e.g., Claesson
et al., 2006; Bogdanova et al., 2008]. This is well illustrated
by the predominantly Paleoproterozoic zircon ages from the
present-day sands of the Don and Volga rivers [Safonova
et al., 2010; Wang et al., 2011], which drains a major part
of the East European Craton (Figure 1). A comparison of
the zircon age spectra between those from the Don River

Figure 7. Histograms showing the age distribution of zircons from three sandstone samples from the
Çağlayan Formation and one metasandstone from the Martin Complex.
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and those from the Lower Cretaceous turbidites suggests that
the early Neoproterozoic-Mesoproterozoic, Paleoproterozoic
(1800–2100Ma), and early Paleoproterozoic-late Archean
(2400–2550Ma) zircons are derived from the East European
Craton or from its cover sediments (Figure 8). Another
possibility is that the Archean-Paleoproterozoic zircons
are second-generation zircons from the Triassic Flysch of
the Pontides and Crimea (Figures 2 and 3). However, recent
clastic zircon data from the Triassic Flysch show the
dominance of Phanerozoic ages with only a few Archean
and Paleoproterozoic zircons [Karslıoğlu et al., 2012].
[26] In contrast to the East European Craton, Neoproterozoic

granitoids are widespread in the Gondwana-derived terranes,
including the Istanbul Zone, which has a basement dominated
by late Neoproterozoic granitoids [590–560Ma; Chen
et al., 2002; Ustaömer et al., 2005; Bozkurt et al., 2012].

Late Neoproterozoic clastic zircons (640–520Ma) also form
a dominant population in the Paleozoic sediments of the
Istanbul Zone including the Carboniferous and Ordovician
sandstones [Figure 9; Okay et al., 2010; Ustaömer et al.,
2011]. The sediments in the Lesser Caucasus are also char-
acterized by predominantly late Neoproterozoic zircon
populations [Figure 9; Vincent et al., 2013]. Their scarcity
in the Çağlayan Formation (Figure 8) indicates that the
Istanbul Zone was not an important source for the Lower
Cretaceous turbidites.
[27] The Phanerozoic zircons from the Lower Cretaceous tur-

bidites show a broad peak in the Early Jurassic-Carboniferous
and a narrow well-defined peak in the Silurian (Figure 10).
The Jurassic zircons were most probably derived from
the Middle Jurassic granitoids in the northeastern part of the
Central Pontides [Figure 2; Yılmaz and Boztuğ, 1986]. The

Figure 9. Cumulative probability plot for selected zircon ages from the Black Sea region.

Figure 8. Histogram showing the combined age distribution of zircons from the Lower Cretaceous turbi-
dites (Çağlayan Formation and the Martin Complex). Also shown is the probability density distribution of
zircons from the Don River, which drains the Ukranian shield [Safonova et al., 2010].
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Permo-Carboniferous zircons may have also a source in the
same region [Nzegge et al., 2006]. However, there is no
known source for the Triassic and Silurian zircons in the
Pontides; they must be derived from the Scythian Platform
and the East European Craton (Figure 1). Alexandre et al.
[2004] describe Triassic and Permian acidic to intermediate
volcanic rocks from the Scythian Platform and from the
Donbas fold belt; plutonic equivalents may exist under the
Neogene cover of the Scythian Platform or in the wide north-
ern submarine shelf of the Black Sea. Orthogneisses with
Silurian zircons crop out in the crystalline core of the
Greater Caucasus [Main Range Zone, Azau gneisses; Somin,
2011, p. 571–573] and may extend north and west toward
the Scythian Platform (Figure 1).
[28] Detrital zircons from the Lower Cretaceous turbidites

suggest a major source in the East European Craton and
possibly in the Scythian Platform with a lesser contribution
from the Variscan and Jurassic granitoids of the Sakarya
Zone in the Central Pontides. A northerly source is also
supported by a southward decrease in the grain size and in
the size and density of the blocks in the turbidites.

6. Central Pontide Supercomplex

[29] In the Central Pontides, the Lower Cretaceous turbi-
dites are bounded in the south by a large area of metamorphic
rocks, 200 km by 60 km, herein referred to as the Central
Pontide Supercomplex (Figure 1), which is considered as
Triassic or older basement [e.g., Yılmaz and Şengör, 1985;
Tüysüz, 1999; Ustaömer and Robertson, 1994, 1999;
Yılmaz et al., 1997b; Uğuz et al., 2002]. The Central
Pontide Supercomplex is separated by Tertiary cover into
three subareas: the Daday Massif in the west, the Kargı
Massif in the east, and the Çangaldağ Complex in the north

(Figure 2). We have studied the western part of the Daday
Massif in detail and made traverses across the Kargı Massif
and the Çangaldağ Complex, and dated some of the samples
collected. The petrographic description of the dated samples
and the analytical data are given as supporting information.
Based on our studies and on earlier work [Tüysüz and
Yiğitbaş, 1994, Okay et al., 2006; Yılmaz et al., 1997a],
three metamorphic belts of (1) Middle Jurassic, (2) Early
Cretaceous, and (3) middle Cretaceous ages are distinguished
within the Central Pontide Supercomplex (Figure 2).

6.1. Middle Jurassic Saka Complex

[30] The Saka Complex consists mainly of micaschists,
which make up about 80% of the metamorphic sequence;
the rest is made up of marble, calc-schist, metabasite, and
small serpentinite slivers. It crops out mainly in the Daday

Table 3. Modes of the Analyzed Samples From the Saka Complex

Garnet-Micaschists Amphibolite

Sample 3061C 3064 3099 3061B

Quartz 31 20 38 8
Plagioclase 19 – – 31
Garnet 14 28 19 18
Kyanite – 6 11 –
Hornblende – – – 38
Biotite 4 2 2 –
Muscovite 25 22 20 tr.
Chlorite 3 7 8 1
Epidote tr. – – 3
Rutile 2 2 2 1
Titanite – – – tr.
Opaque 2 3 1 –
Apatite tr. – – tr.

tr, less than 0.5%.

Figure 10. Histogram showing the Phanerozoic zircon ages from three sandstone samples from the
Çağlayan Formation and one metasandstone from the Martin Complex.
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Massif lying tectonically below the Martin Complex. Slices of
the Saka Complex are also tectonically imbricated with the
Martin Complex (Figure 4). A similar metamorphic sequence
dominated by micaschists crops out in the southern part of the
Kargı Massif [Figure 2; Tüysüz and Yiğitbaş, 1994].
6.1.1. Petrology and Thermobarometry
[31] The prevalent mineral paragenesis in the micaschists

of the Saka Complex in the Daday Massif is quartz + plagio-
clase +muscovite + chlorite ± garnet ± biotite ± kyanite, and
that in the metabasites is actinolite/hornblende+ plagioclase+
chlorite + epidote/clinozoisite ± garnet. In the micaschists, gar-
net forms porphyroblasts with quartz and white mica
inclusions. Biotite is less common than garnet, and when
found, it occurs in amounts of less than five modal percent.
Kyanite forms porphyroblasts, which are partially replaced
by very fine grained white mica aggregates. To constrain the
pressure-temperature (P-T) conditions of metamorphism, min-
erals from three micaschists and one garnet-amphibolite were
analyzed by electron microprobe. The estimated mineral
modes of these samples are given in Table 3 and representative
mineral compositions in Table 4. Analyzed garnets are alman-
dine-pyrope-grossular solid solutions with less than 5mol%
spessartine end member (Figure 11a and Table 3). They show
minor growth zoning not exceeding a few mole percent.
Muscovite is characterized by Si cation values of 3.04–3.15
in the 11 oxygen formula unit. Plagioclase compositions range
from albite to andesine even in a single sample because of the
late stage alteration. Biotites show deficiencies in the alkali
sites. Calcic amphiboles from the garnet-amphibolite are
tschermakites (Figure 11b).
[32] The P-T conditions were estimated from the analyzed

mineral assemblages using the THERMOCALC program of
Powell and Holland [1988] with the thermodynamic data
set of Holland and Powell [1998]. The mineral activities
were determined using the AX program (http://www.esc.
cam.ac.uk/research/research-groups/holland/ax) from the
representative mineral compositions listed in Table 4.
Mineral equilibria constrain the temperatures of metamor-
phism fairly precisely at 620°C, and pressures are less well
constrained to between 8 and 12 kbar (Figure 12). The P-T
conditions of metamorphism of 620 ± 30°C and 10 ± 2 kbar
correspond to high-pressure amphibolite facies.

6.1.2. Geochronology
[33] Muscovite separates from the Saka Complex—three

micaschists from the Daday Massif and one from the Kargı
Massif—were dated using single-grain Ar-Ar method to con-
strain the age of metamorphism. The muscovite Ar-Ar ages
are Middle Jurassic ranging between 162 and 170Ma
(Figure 13 and Table 1). Considering the estimated tempera-
ture of metamorphism of 620 ± 30°C and the closure temper-
atures for the Ar-Ar system in muscovite, the Middle Jurassic
ages represent cooling ages.

Figure 11. Garnet and amphibole compositions from the metamorphic rocks of the Saka Complex.
Arrows indicate core to rim zoning.

Figure 12. Pressure-temperature diagram showing the esti-
mated conditions of metamorphism of the Saka Complex.
The facies fields are after Yardley [1989] and Evans [1990].
The reactions shown are calculated by THERMOCALC
using the activities in Table 3.
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[34] Lower-Middle Jurassic metamorphic rocks, lithologi-
cally similar to those from the Saka Complex, have been
recently described from the İzmir-Ankara suture zone in the
Çankırı [Çelik et al., 2011] and Erzincan areas [Topuz et al.,
2013] and have been interpreted as a Jurassic subduction-
accretion complex. In view of its tectonic setting and the
relatively high pressures during its metamorphism, the
Saka Complex probably constitutes part of the same accre-
tionary complex.

6.2. Çangaldağ Complex: Early
Cretaceous Metamorphism

[35] The Çangaldağ Complex is an over 10 km thick
tectonic stack of volcanic, volcaniclastic, and fine-grained
clastic rocks metamorphosed in low greenschist facies,
which is interpreted either as an ophiolite [Yılmaz, 1980,
1988; Tüysüz, 1990] or as an ensimatic volcanic arc
[Ustaömer and Robertson, 1993]. The geochemistry of the
volcanic rocks suggests the latter alternative [Ustaömer and
Robertson, 1999]. The volcanic rocks are mainly andesite
with lesser amounts of basaltic andesite and dacite.
[36] The fine-grained clastic rocks, which make up about

20% of the Çangaldağ sequence, are represented by phyllites
consisting of quartz, white mica, and chlorite. The fine-grained
volcanic rocks have recrystallized to albite + chlorite + actino-
lite + epidote assemblages. In the more massive volcanic and
subvolcanic rocks, the volcanic textures and augite have
survived the metamorphism. We have dated white micas from
two phyllites (samples 2756 and 2777) from the Çangaldağ
Complex (Figure 2). The Ar-Ar single-grain ages are
125 ± 1Ma and 136 ± 4Ma and indicate an Early Cretaceous
(Valanginian-Barremian) age for the regional metamorphism
(Figure 13 and Table 1).

6.3. Middle Cretaceous Metamorphic Belts

[37] Most of the Central Pontide Supercomplex consists of
middle Cretaceous (Albian) metamorphic rocks. These in-
clude the Martin Complex, described above, and the
Domuzdağ and Esenler complexes, which make up the bulk
of the Kargı Massif (Figure 2). The Domuzdağ Complex
forms a broad belt of eclogite and high-grade blueschist
variously overprinted by greenschist-facies metamorphism.

Ar-Ar and Rb-Sr isotopic data from the Domuzdağ
Complex indicate a middle Cretaceous age (circa 105Ma)
for the metamorphism [Okay et al., 2006] same as that of the
Martin Complex (Figure 5). The eclogite-facies and
blueschist-facies rocks pass southward to a large metamorphic
area made up mainly of metabasite with minor micaschist and
marble apparently with only greenschist-facies mineral assem-
blages (Figure 2). We have dated white micas from two
micaschists (samples 3144 and 3148) from this region to
constrain the age of the metamorphism. The Ar-Ar ages are
middle Cretaceous (114Ma and 107Ma; Figure 2 and
Table 1) similar to those from the Domuzdağ Complex. We
interpret this metamorphic region as the southward continua-
tion of the Domuzdağ Complex, where the high-pressure
mineral paragenesis has been obliterated.
[38] The Domuzdağ Complex is tectonically overlain in the

north by a low-grade blueschist belt of phyllite and
metasandstone with minor metabasite and marble, called the
Esenler Complex. The Esenler Complex differs from the
Domuzdağ Complex by being a dominantly metasedimentary
unit with the metabasites making up less than 5% of the
sequence, and it shows a low-grade blueschist-facies meta-
morphism. Sodic amphibole occurs widely in the metabasic
rocks of the Esenler Complex. The Esenler Complex
extends westward to south of Kastamonu, where rare
metabasite horizons contain the mineral assemblage sodic
amphibole + epidote + albite + chlorite + titanite. The K-Ar
data from the Esenler Complex by Yılmaz et al. [1997a], al-
though widely scattered, indicate a broad middle Cretaceous
age for its metamorphism.

6.4. Tectonic Architecture of the Central
Pontide Supercomplex

[39] The Central Pontide Supercomplex (CPS) is made
up of ENE trending metamorphic belts of Middle Jurassic
(170–160Ma), Early Cretaceous (135–125Ma), and middle
Cretaceous (107± 4Ma) ages (Figure 2). The lithological fea-
tures and the metamorphic facies suggest that these metamor-
phic belts represent distinct subduction-accretion units of the
Tethys. In a progressive subduction-accretion model, the ages
of the accreted sequences are expected to young toward the ac-
tive subduction zone. However, such an arrangement is not
observed in the Central Pontide Supercomplex, where there
is a repetition of the middle Cretaceous and Middle Jurassic
metamorphic belts. This could be due to out-of-sequence
thrusting, strike-slip emplacement, or subsequent deformation.

7. Upper Cretaceous Sequences

7.1. Upper Cretaceous Pelagic Carbonates and
Volcanic Rocks

[40] In the Central Pontides, the Çağlayan Formation is
unconformably overlain by Upper Cretaceous red pelagic
limestones (Figure 2), which also crop out widely in the
Eastern Pontides, where they rest on rocks as old as
Carboniferous granitoids [Görür et al., 1993; Okay and
Şahintürk, 1997]. They represent rapid subsidence of the
Central and Eastern Pontides following a period of subaerial
erosion. Their deposition is generally related to the rift-drift
transition and the start of oceanic spreading in the Black Sea
back-arc basin and the ensuing thermal subsidence [Görür,
1988, 1997; Hippolyte et al., 2010; Tüysüz et al., 2012].

Figure 13. Ar-Ar white mica ages from the Saka and
Çangaldağ complexes. For analytical data, see the supporting
information. Error bars are 2σ.
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[41] In the north, within 15 km of the Black Sea margin, the
deposition of the red pelagic limestones starts at late
Cenomanian-Turonian, and they are locally intercalated with
volcanic rocks, which mark the inception of arc magmatism
in the Pontides [Yılmaz et al., 2010; Tüysüz et al., 2012].
Further south, the red pelagic limestones lie unconformably
over the Çağlayan Formation but with no associated
Cretaceous volcanism. To constrain this first marine transgres-
sion over the Çağlayan Formation, two sections in the pelagic
limestones were measured and sampled in the Ağlı region
(Figure 2). In the Ağlı-1 section, the turbidites of the
Çağlayan Formation are unconformably overlain by a 30m

thick, thickly bedded to massive, white, shallow marine
carbonate, which yielded no age-diagnostic fossils. Thinly
bedded pink limestones and intercalated thin red shales lie
sharply over the shallow marine carbonates and pass up into
white marl (Figure 14). The base of the section is Coniacian
in age as indicated by the coexistence of Marginotruncana
renzi and Dicarinella concavata (Figure 15). The rest of the
46m thick section contains middle to upper Santonian fauna
(Figures 14 and 15). In the Ağlı-2 section (1207), the black
shales of the Çağlayan Formation are overlain by a 3m thick
basal conglomerate with limestone, sandstone, and siltstone
clasts, 0.5 cm to 15 cm across (Figure 14). Thinly bedded red
to pale pink pelagic limestones with thin shale interbeds
lie over the conglomerate and pass up gradually to white
marl and shale. Samples close to the base of the Ağlı-2 section
containDicarinella asymetrica, a zone fossil for the Santonian
(Figure 15). In both the Ağlı-1 and Ağlı-2 sections, the pelagic
carbonates are overlain by Upper Campanian-Maastrichtian
marine sandstone, sandy limestone, and sandy marl
[Kennedy et al., 2007].
[42] The Hanönü area, 80 km east of the Ağlı region, also ex-

poses the extreme southeastern outcrops of the Çağlayan
Formation and the overlying red pelagic limestones (Figure 2).
Several sections measured in the red pelagic limestones in this
area produced Santonian ages [Okay et al., 2006]. However,
as different from the Ağlı region, the red pelagic limestone
in the Hanönü area pass up and are intercalated with
Santonian volcanic rocks. They are unconformably overlain
by the late Campanian-Maastrichtian turbidites.
[43] The period of uplift and erosion of the Çağlayan

Formation in the central part of the Central Pontides is
constrained between Albian and Turonian. The window of
uplift narrows northward, where within a 15 km wide coastal
zone, the base of the red pelagic limestones is late
Cenomanian [Yılmaz et al., 2010]. In the coastal regions,
the pelagic limestone deposition is also accompanied by sub-
marine volcanism, which is markedly absent further south.
Based on the distribution of the Upper Cretaceous volcanic
and subvolcanic rocks, a volcanic front can be delineated in
the Central Pontides (Figure 2). The volcanic front makes
a broad arch mimicking the present coastline of the Black
Sea and is also subparallel to the trend of the major struc-
tures in the area (Figure 2). Based on paleomagnetic data,
Meijers et al. [2010a] date the formation of this arc-like
curvature in the Central Pontides to the latest Cretaceous-
Paleocene interval.

7.2. Upper Cretaceous Pelagic Carbonates and Clastic
and Volcanic Rocks: The Araç Formation

[44] The Upper Cretaceous pelagic limestone sequence does
not extend south to the Central Pontide Supercomplex, where
the age equivalent strata consist of a volcano-sedimentary
series. In the Daday Massif, this Araç Formation consists of,
in order of decreasing abundance, volcanogenic sandstone
and shale, thinly bedded red pelagic limestone, dark gray gray-
wacke-siltstone-shale, basaltic pillow lava, red and green
radiolarian chert, calciturbidite, mass flows, and serpentinite.
The mass flows consist mainly of debris flows, up to 5m thick,
interbedded with pelagic limestone and calciturbidites; the
clasts in the debris flows are mainly basalt and limestone.
Calciturbidites contain Orbitolinid grains derived from an
Aptian-Cenomanian carbonate bank.

Figure 14. Measured stratigraphic sections in the Upper
Cretaceous pelagic limestones. For location of the sections,
see Figure 2.
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Figure 15. Thin section photomicrographs of some important microfossils from the Upper Cretaceous
pelagic limestones (samples 1207, 2658, and 3617) and from the Araç formation (samples 2454, 3397,
3410, and 2411). Scale bar is 0.1mm. (1 and 2) Marginotruncana renzi (Gandolfi, 1942) 2658B. (3 and 4)
Whiteinella praehelvetica (Trujillo, 1960) 3397C. (5) Whiteinella paradubia (Sigal, 1952) 3397C. (6–9)
Helvetoglobotruncana helvetica (Bolli, 1945) 3410. (10) Dicarinella algeriana (Caron, 1966) 3410.
(11, 14, and 15) Dicarinella asymetrica (Sigal, 1952) (11) 2658I, (14) 3617B, and (15) 2454E. (12 and 13)
Dicarinella concavata (Brotzen, 1934) (12) 3617B and (13) 2658A. (16) Marginotruncana coronata
(Bolli, 1945) 2658B. (17–19) Marginotruncana pseudolinneiana (Pessagno, 1967) (17) 2658A, (18) 3617B,
and (19) 2658B. (20) Marginotruncana schneegansi (Sigal, 1952) 3410. (21 and 22) Dicarinella primitiva
(Dalbiez, 1955) 3411. (23) Hedbergella flandrini (Porthault, 1970) 1207A. (24) Globotruncana bulloides
(Vogler, 1941) 2658F. (25 and 26) Globotruncana arca (Cushman, 1926) (25) 2658E and (26) 2658I.
(27) Praeglobotruncana gibba (Klaus, 1960) 3410.
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[45] The Araç Formation is tectonically imbricated with
the metamorphic rocks; serpentinite slices commonly mark
the contacts (Figure 4). In general, the Araç Formation is
not metamorphosed; however, some of the thinner slices
show development of foliation. The Araç Formation ranges
from a coherent sequence, which makes up about 80% of
the unit, to a broken formation or mélange. The mélange type
deformation is especially observed in the dark graywacke-
siltstone-shale horizons.
[46] The Araç Formation is unconformably overlain by

Lower Eocene shallow-marine limestone and marl [Özcan
et al., 2007], which also cover the tectonic contacts in the
metamorphic rocks. Paleontological study of over 30 sam-
ples from the pelagic limestones of the Araç Formation
showed that its age ranges from Turonian to Santonian. A

Turonian age is indicated by the pelagic foraminifera of
Helvetoglobotruncana helvetica, Whiteinella pradubia, W.
praehelvetica,Hedbergella planispira,Dicarinella algeriana,
Marginotruncana sigali, and Praeglobotruncana gibba
(samples 2889, 3059, 3397, and 3410; Figures 4 and 15).
Marginotruncana pseudolinneiana, M. marginata, M. renzi,
and Dicarinella primitive in sample 3411 give an uppermost
Turonian to Coniacian age. The following fauna from sam-
ples 2454 and 3135 indicate a Santonian age: Dicarinella
asymetrica,Hedbergella flandrini,Marginotruncana coronata,
and M. pseudolinneiana (Figure 15).
[47] The stratigraphic base of the Araç Formation is not

observed; however, debris flows contain abundant clasts of
phyllite and micaschist, which suggests that the Araç
Formation might have been deposited partly on the

Figure 16. Paleogeographic maps for the southern Pontide-Caucasus margin of the Eurasia for the Late
Jurassic-Cretaceous. The maps are based on Tüysüz [1999], Barrier and Vrielynck [2008], Adamia et al.
[2011], Nikishin et al. [2012], and this study. The plate velocities are estimates from Smith [2006] for a
location in the Eastern Pontides.
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metamorphic rocks of the Central Pontide Supercomplex.
The Araç Formation can be compared with the Kirazbaşı
Formation described from the Kargı Massif in the east
(Figure 2). The Kirazbaşı Formation lies unconformably over
the metamorphic rocks of the Domuzdağ Complex [Yiğitbaş
et al., 1990; Okay et al., 2006; Tüysüz and Tekin, 2007]. It
starts with basal pelagic limestones of Turonian-Santonian
age, which are overlain by a flysch sequence. The flysch
passes up into an ophiolitic mélange with tectonic slices
and blocks of basalt, radiolarian chert, and serpentinite.
[48] The Araç and the Kirazbaşı formations represent ba-

sins developed in a fore-arc setting above accreted and meta-
morphosed trench sediments. The basalt and chert tectonic
blocks must have been derived from the south from the
uplifted segments of the accretionary complex. Chert blocks
from the Kirazbaşı Formation yielded Middle Jurassic to
Early Cretaceous radiolaria ages [Tüysüz and Tekin, 2007],
which provide a minimum age span for the Tethyan ocean.
The radiolarian cherts from ophiolitic mélange south of
Araç have also recently been dated as Middle Jurassic
[Göncüoğlu et al., 2012]. Continuing shortening in the
fore-arc region led to the imbrication of the basin deposits
with the underlying accretionary complex and subsequent
folding. This last phase of major shortening is constrained
between Santonian and Early Eocene.

8. Tectonic and Paleogeographic Evolution

8.1. Early Cretaceous (Hauterivian) Uplift: Response
to Changes in Plate Movements

[49] During the latest Jurassic-earliest Cretaceous (Tithonian-
Berriasian), an extensive shallow-marine carbonate plat-
form covered the southern margin of the East European
Craton including most of the Pontides, Moesia, Dobrugea,
Crimea, and Caucasus [Figure 16a; e.g., Görür, 1988;
Altıner et al., 1991; Tari et al., 1997; Harbury and Cohen,
1997; Guo et al., 2011; Nikishin et al., 2012). In the
Eastern Pontides, this carbonate platform passed south to a
passive margin dominated by pelagic limestone and
calciturbidite with no evidence of ongoing subduction
[Okay and Şahintürk, 1997]. As there is evidence for
Triassic [Okay and Monié, 1997] and Jurassic [Topuz et al.,
2013] subductions along the Pontide margin, the subduction
zone must have become dormant during the latest Jurassic-
earliest Cretaceous, when the movement of the Africa-
Arabian plate with respect to Eurasia was a slow transform
motion rather than convergence [Rosenbaum et al., 2002;
Smith, 2006].
[50] The earliest Cretaceous carbonate deposition was

followed by uplift and erosion in the platform areas of the
Pontides during the Hauterivian, which exposed sequences

Figure 17. Schematic cross sections illustrating the Cretaceous evolution of the Eurasian margin.
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as old as the crystalline basement. A similar uplift and ero-
sion is also recorded in the Crimea and in the Caucasus
[Mikhailov et al., 1999; Nikishin et al., 2012]. In the
Crimea, upper Barremian-Aptian deposits lie unconformably
over rocks as old as the Triassic flysch [Nikishin et al., 2008].
[51] This is generally related to the rift-shoulder uplift pre-

ceding the opening of the Black Sea [e.g., Görür, 1988].
However, clastic zircon data from the Çağlayan Formation in-
dicate that even as late as the Aptian, there was no thoroughgo-
ing major rift separating the Central Pontides from the East
European Craton. Furthermore, the Hauterivian uplift is very
widespread and extends to the Eastern Pontides as well as to
the rest of the Istanbul Zone. Thermochronological data
indicate that Early Cretaceous uplift and erosion also took
place in the northern part of the Ukranian shield northeast of
Crimea [Danišík et al., 2008].
[52] We propose that the very broad and widespread Early

Cretaceous (Hauterivian) uplift in the southern margin of the
East European Craton is related to changes in the relative
plate movements augmented with the collision of an
ensimatic volcanic arc, the Çangaldağ Complex, with the
Eurasian margin (Figure 17b). During the Early Cretaceous
(Barremian, circa 125Ma), the Africa-Arabian plate changed
its motion with respect to Eurasia from slow sinistral trans-
form motion to rapid convergence [e.g., Smith, 2006], which
initially resulted in the buckling and uplift of the Eurasian
margin. The subsequent activation of the dormant subduction
zone was followed by the collision and underplating of the
Çangaldağ volcanic arc, which was a further factor in the
Hauterivian uplift (Figure 17b). The attempted subduction
of oceanic plateaus or dormant ensimatic arcs produces uplift
in the overriding plate, as observed in the Hikurangi-New
Zealand subduction zone [e.g., Davy et al., 2009] and in
numerical experiments [Gerya et al., 2009; Tetreault and
Buiter, 2012].

8.2. Early Cretaceous (Barremian-Aptian) Rifting
and Sedimentation

[53] During the Barremian-Aptian, the highland areas of
Eurasia supplied clastic sediment to the south. Most of the
Black Sea region, including Crimea, Caucasus, Dobrugea,
and Moesia, was a platform with terrigeneous sedimentation
[Figures 16b and 17c; e.g., Harbury and Cohen, 1997;
Adamia et al., 2011; Nikishin et al., 2008; 2012]; only the
western Sakarya Zone was the site of pelagic limestone
deposition [Altıner et al., 1991]. There were two deep turbi-
dite basins, one in the Central Pontides and the other in the
Greater Caucasus. The sediments of the triangular-shaped
Çağlayan turbidite basin was probably fed by a major river,
which was draining the Ukranian shield south toward the
Tethyan Ocean. An analogy is the present-day Nile river
draining the interior of Africa into the oceanic East
Mediterranean basin, which is slowly being subducted along
the Cyprian arc [e.g., Sestini, 1989]. Syn-sedimentary normal
faulting in the Çağlayan Formation and the presence of kilo-
meter-size olistoliths indicate extension during the deposi-
tion of the Lower Cretaceous turbidites [Tüysüz, 1999;
Hippolyte et al. 2012]. Subsidence is also recorded in the
Crimea, where the water depth increased from 0 to 400–
600m between Barremian and Aptian [Nikishin et al.,
2008]. The Karkinit basin in the Odessa shelf also started to
open at this time [Khriachtchevskaia et al., 2010].
However, clastic zircon data suggest that there was no major
thoroughgoing rift between Eurasia and the Pontides during
the Barremian-Aptian; rather, extension was distributed over
a large area. We relate the inception of the Barremian-Aptian
extension in the Black Sea region to the establishment of a
new subduction zone south of the accreted Çangaldağ
Complex, which resulted in the relaxation and extension of
the upper plate.

Figure 18. Metamorphic magmatic and major sedimentary episodes in the Sakarya Zone, Pontides. The
metamorphic episodes are those of subduction-accretion complexes. The data for metamorphism are the
following: Permian: Topuz et al. [2004]; Late Triassic: Okay and Monié [1997]; Okay et al. [2002];
Middle Jurassic: Topuz et al. [2013] and this study; Early Cretaceous: this study; Middle Cretaceous:
Okay et al. [2006], Akbayram et al. [2013], and this study. The radiolaria age data are from Tekin and
Göncüoğlu [2007, 2009] and Tüysüz and Tekin [2007]. The Jurassic arc magmatism is from Meijers
et al. [2010b].
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8.3. Early Cretaceous (Albian) Metamorphism
and Uplift: Collision With an Oceanic Edifice

[54] Albian is characterized by widespread uplift in the
Black Sea region (Figure 16c) and metamorphism in the
Central Pontides. An accretionary complex with Albian
(110±3Ma) metamorphic ages is also recently reported along
the Intra-Pontide suture south of Istanbul [Akbayram et al.,
2013]. Albian uplift and erosion is also recorded in Crimea,
where the uplift is estimated to be in the range of 400 to
800m [Nikishin et al., 2008] and extends west to the
Moesian Platform [Harbury and Cohen, 1997] and east to the
Eastern Pontides [Robinson et al., 1995; Okay and Şahintürk,
1997], where the Albian strata are not recorded. Albian clastic
sediments are only documented in the coastal areas of the
western Central Pontides, in parts of the western Sakarya
Zone [Altıner et al., 1991] and Crimea [Nikishin et al., 2008].

[55] The Ar-Ar ages indicate that a very large region in the
Central Pontides, with a strike length of over 120 km and a
structural thickness of over 20 km, underwent regional meta-
morphism in the Albian. Most of this tectonic pile consists of
eclogite-facies and blueschist-facies rocks, a clear indication
of subduction zone metamorphism. However, the age data do
not show any directional pattern, as expected from a contin-
uous subduction-accretion process but is clustered at around
107Ma (Figure 5). Another unusual feature is that although
there is clear evidence for subduction from the high-pressure
metamorphism, a corresponding magmatic arc is missing.
These features point to a singular event rather than steady
state subduction-accretion for the underlying cause of the
Albian orogeny. Along convergent margins, the collisions
of topographic highs, such as oceanic islands or plateaus,
result in uplift of the continental margin, a flat slab, and a lack
of active volcanism [e.g., von Huene and Ranero, 2009]. We
suggest that the Albian orogeny in the Pontides is caused by
the collision and accretion of a large oceanic plateau, repre-
sented partly by the Domuzdağ Complex, with the Eurasian
margin (Figures 16c and 17d).

8.4. Late Cretaceous Renewed Subsidence
and Volcanism: Opening of the Black Sea Basin

[56] In the Late Cretaceous, the subduction zone jumped
south of the accreted Domuzdağ Complex and this resulted
in relaxation, extension, and subsidence of the upper plate
(Figures 16d and 17c). The transgression started in the
Central Pontides in the late Cenomanian in the north and
reached the southern parts in the Santonian. It marked a
change in the nature of sedimentation and is associated with
the inception of arc volcanism. The Cenomanian-Santonian
deposits are dominated by pelagic limestones, which are
accompanied in the Black Sea coastal regions by submarine
volcanic and volcaniclastic rocks. The earliest age for the
Late Cretaceous volcanism in the Pontides is Turonian. The
Turonian-Campanian Pontide volcanic arc, in places over
2000m thick, never reached above the sea level. The subma-
rine nature of the arc volcanism and scarcity of land-derived
sediment indicate extension and subsidence during the Late
Cretaceous in the Pontide margin of Eurasia. The
Cenomanian to Paleocene period in Crimea, Dobrugea, and
Moesia is also characterized by subsidence and deposition
of limestone, sandy limestone, and chalk [Harbury and
Cohen, 1997; Nikishin et al., 2008]. This was the period of
steady state subduction and regional extension. Both the
rifting and the opening of the West Black Sea basin took
place in the Cenomanian(?)-Turonian-Santonian [Tüysüz,
1999]. This view differs from the earlier models, in which
rifting starts in the Barremian-Aptian and is followed
30Myr later by the opening of the West Black Sea oceanic
basin [e.g., Görür, 1988, 1997; Okay et al., 1994; Robinson
et al., 1996; Hippolyte et al., 2010]. The rifting of the back-
arc basins takes place at the magmatic arc, which is the most
ductile and weakest part of the system [e.g., Karig, 1970;
Tamaki, 1985]. The lack of an Aptian-Albian magmatic arc,
the absence of a thorough-going rift basin between the East
European Craton and the Central Pontides during the
Barremian-Aptian, and the widespread Albian uplift of the
Black Sea region suggest that the Barremian-Aptian rifting
and the Cenomanian(?)-Turonian-Santonian opening of the
Western Black Sea basin are two distinct events separated

Figure 19. Thickness of the Cretaceous formations plotted
against age for four regions around the Black Sea, where pre-
cise biostratigraphic and thickness data are available. (A and
B) Fore-arc and volcanic arc regions of the Central Pontides,
respectively [Gedik and Korkmaz, 1984; Tüysüz, 1999;
Leren et al., 2007]. (C) Bakhchisaray in southern Crimea
[Nikishin et al., 2008]. (D) Varna region in the Moesian
Platform [Harbury and Cohen, 1997]. Note the general ab-
sence of the Albian strata and the much-reduced thickness
in the platform areas compared to the Pontides. For locations
of these areas, see Figure 1.
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by the Albian uplift. In the models involving Barremian
rifting and Turonian opening of the Black Sea, there is no ex-
planation for the Albian regional uplift.
[57] Continental collision of the Pontide arc with the

Kırşehir Block started at the end of the Cretaceous; by the
end of the Eocene, the Pontides were above sea level
[e.g., Kaymakçı et al., 2009]. However, all of the meta-
morphism and most of the deformation in the southern
part of the Central Pontides predate the early Tertiary
arc-continent collision.

9. Pontides as a Long-Standing Active Margin
of Eurasia

[58] The Pontides constituted the active margin of Eurasia
at least since the Permian. Most of the Sakarya Zone consists
of subduction-accretion complexes of Permian, Late
Triassic, Middle Jurassic, and Early and middle Cretaceous
ages (Figure 18). The addition of these metamorphosed
subduction-accretion complexes has resulted in the south-
ward growth of the Eurasian margin by at least 100 km.
These subduction-accretion complexes consist predomi-
nantly of metabasic rocks, representing accreted oceanic pla-
teaus or ensimatic arcs. The continental magmatic arcs are
less well represented in the Pontides. There is good evidence
only for Middle Jurassic [Meijers et al., 2010b] and Late
Cretaceous magmatic arcs. The abundance of Triassic
zircons in the Lower Cretaceous turbidites suggests that a
Triassic arc might be present under the Odessa shelf
(Figure 1). However, no magmatic arc has developed in the
Early Cretaceous, possibly because the subduction was new
and/or the subducting slab was flat. During the Late
Cretaceous, an extensional magmatic arc was formed above
the subduction zone. The Late Cretaceous accretion was
frontal and resulted in the formation of a thick accretionary
complex made up of oceanic crustal lithologies. These
ophiolitic mélanges were thrust south over the Anatolide-
Tauride Block during the Maastrichtian-Early Eocene arc-
continent collision and have a wide distribution in Anatolia.
The determination of radiolaria in the ophiolitic mélanges
has indicated a Middle Triassic to Cretaceous age range for
the subducting Tethyan ocean [Figure 18; Tekin and
Göncüoğlu, 2007, 2009; Tüysüz and Tekin, 2007]. The
subduction was not continuous but was controlled by the
relative motion of Africa-Arabian plate with respect to
Eurasia. It became dormant during the Late Jurassic to
earliest Cretaceous, when the motion was slow and trans-
form type [Smith, 2006] and a major carbonate platform
and a carbonate passive margin developed on the southern
margin of Eurasia.
[59] A temporal correlation between the subduction-meta-

morphism-accretion episodes and the sedimentation patterns
on the active margin and in the hinterland of Eurasia indi-
cates that such episodes correspond to uplift and erosion in
the upper plate. Figure 19 shows sedimentary thicknesses
against age for four biostratigraphically well-constrained
areas, two in the Pontides and two in the Eurasian hinterland.
All four areas show uplift and erosion during the middle
Cretaceous metamorphism (Figure 19). For the Early
Cretaceous metamorphic event, the uplift is well documented
in the Pontide margin but is less clear in the hinterland.

10. Conclusions

[60] 1. Changes in the plate motions and subduction of
oceanic topographic highs are the primary controls in the
sedimentation in the Eurasian margin and the Eurasian
hinterland during the Cretaceous. The periods of extension-
sedimentation and uplift-erosion are related to periods of
steady state subduction and collision-accretion episodes,
respectively. The collision-accretion episodes involve the
clogging of the subduction zone by large oceanic edifices
and aremarked in the Central Pontides by accretedmetamorphic
complexes of Middle Jurassic (Bathonian-Callovian), Early
Cretaceous (Hauterivian-Barremian), and middle Cretaceous
(Albian) ages.
[61] 2. In the Central Pontides, Lower Cretaceous

(Barremian-Aptian) submarine turbidites cover an area of
300 km by 60 km. Clastic zircon data from the turbiditic
sandstones show that the East European Craton-Scythian
Platform was likely to be a major source. This implies that
there was no thoroughgoing Black Sea rift during the Early
Cretaceous between the East European Craton and the
Pontides, as shown in all paleogeographic reconstructions
of the Black Sea region [e.g., Robinson et al., 1996;
Barrier and Vrielynck, 2008; Nikishin et al., 2012].
[62] 3. A major problem encountered in petroleum explo-

ration in the Black Sea has been the poor porosity and perme-
ability of the sandstone reservoirs, which are generally
sourced from the metamorphic and volcanic rocks of the
Pontides [Vincent et al., 2013]. In contrast, clastic zircons
from the Çağlayan Formation indicate that the major source
for the Lower Cretaceous sandstones was in the north in the
granitoids and gneisses of the East European Craton rather
than in the Pontides. Thus, suitable Lower Cretaceous sand-
stone reservoirs may exist at the Black Sea margins.
[63] 4. The southern distal parts of the Lower Cretaceous

turbidites were deposited on the Tethyan oceanic crust and
were subducted, metamorphosed, and underplated during
the Early Cretaceous (Albian), as shown by the newU-Pb zir-
con and Ar-Ar ages.
[64] 5. The Lower Cretaceous turbidites in the southern

part of the Central Pontides are strongly deformed with wide-
spread folding and thrusting, which are usually ascribed to
the Eocene and younger shortening. However, new data for
the Early Cretaceous metamorphism and contractional defor-
mation in the southern part of the Central Pontides suggest
that a major part of this shortening is of Early Cretaceous
(Albian) age.
[65] 6. The Albian metamorphism and deformation in the

Central Pontides, and Albian regional uplift throughout the
Black Sea region indicate that the Barremian-Aptian and
the Cenomanian(?)-Turonian-Santonian represent two dis-
tinct periods of extension and sedimentation [Tüysüz,
1999]. The rifting and opening of the West Black Sea basin
took place in the latter period, which also marks the begin-
ning of Cretaceous arc volcanism in the Black Sea region.
[66] 7. The large area of metamorphic rocks in the Central

Pontides south of the Lower Cretaceous turbidites, previ-
ously considered as Triassic or older basement, consists of
Middle Jurassic and Early (Hauterivian-Barremian) and mid-
dle Cretaceous (Albian) metamorphic belts, as shown by the
new Ar-Ar ages. They represent distinct subduction-accre-
tion episodes in the southern active margin of Eurasia.
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[67] 8. Models of the Paleo-Tethyan evolution in the
Central Pontides invoke northward subduction of the Paleo-
Tethys, creating an accretionary complex (Domuzdağ
Complex) and a volcanic arc (the Çangaldağ Complex).
The Triassic Küre back-arc basin opens up north of the volca-
nic arc [e.g., Ustaömer and Robertson, 1993, 1999].
According to these models, the back-arc system becomes in-
active through the collision of a microcontinent, represented
by the Kargı Massif. New isotopic data show that all these
units, except the Küre Complex, are younger than Triassic.
This annuls all the data for the back-arc origin of the Küre
Complex. In terms of its age, lithology, and tectonic setting,
the Küre Complex can be compared closely with the Upper
Karakaya Complex, an Upper Triassic distal turbidite
sequence deposited on the northern active margin of the
Paleo-Tethys [e.g., Okay and Göncüoğlu, 2004].
[68] 9. The Pontides represent a segment of the Mesozoic

active margin of Eurasia, which grew southward with the
addition of Upper Triassic, Lower-Middle Jurassic, Lower
Cretaceous, middle Cretaceous, and Upper Cretaceous accre-
tionary complexes. It is an accretionary orogen, and its
tectonic evolution is comparable to those of the North
American Cordillera [e.g., Dickinson, 2009] and the Altaids
in Central Asia [Şengör et al., 1993].
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