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ABSTRACT

The timing and direction of opening of the Black Sea Basin are debated. However, parts of its margins were
inverted during Cenozoic and can be studied onshore. The Crimean Mountains are located in the middle of the
northern margin of the basin, and at the onshore prolongation of the mid-Black Sea High.

We present the first detailed mapping of large striated normal faults in Crimea. These faults define graben
structures that trend parallel to the continental margin. Kinematic analysis of the faults combined with new
biostratigraphic data show that the syn-rift sequence is Valanginian to Late Albian in age. It consists of silici-
clastic deposits with limestone olistoliths. In contrast, the post-rift Late Cretaceous carbonaceous sequence of
Crimea is devoid of normal faults or olistoliths. It unconformably overlies the graben structures.

The onset ages, and the trends of extension are quite similar in the northern (Crimea) and the southern
(Turkey) inverted margins of the basin. The Early Cretaceous extension directions are normal to the mid-Black
Sea High and the Black Sea margins. We conclude that rifting of Black Sea Basin occurred from the Valanginian
to the Late Albian (~39 Ma) and drifting during the Late Cretaceous.

Based on the directions of rifting, on the lack of evidence of strike slip motions near the mid-Black Sea High,
and on published paleomagnetic data, we propose that the Black Sea opened with rotations accommodated by
transform faults at its western and eastern margins, as a response to asymmetric slab rollbacks of the Neo-Tethys
plate.

The inversion of the Crimean margin results from two successive shortening events: Early Eocene NE-SW
compression, Eocene to Present SE-NW compression. Their timing support the idea that compressional stresses
generated by continental collisions in Turkey were transmitted through the strong Black Sea lithosphere up to
Crimea.

1. Introduction

Robinson et al.,, 1996; Nikishin et al., 2003; Barrier and Vrielynk,
2008). Deep seismic reflection data show that it is composed of two

The Black Sea is a 2200 m deep marine basin surrounded by alpine
mountains including the Balkanides, the Pontides, the Greater Caucasus
and the Crimean Mountains (Fig. 1A). Because of its location, at the rear
of the Srednegorie-Pontides-Achara-Trialet magmatic arc, it is classi-
cally interpreted as a back arc basin that opened from Cretaceous to
Paleocene times within the East European platform, behind the north-
dipping Neotethyan subduction zone (e.g. Zonenshain and Le Pichon,
1986; Finetti et al., 1988; Dercourt et al., 1993; Okay et al., 1994;
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large deep sub-basins, the Western Black Sea Basin and the Eastern
Black Sea Basin, separated by the mid-Black Sea High which consists of
the Andrusov and Archangelsky ridges (Fig. 1) (Tugolesov et al., 1985;
Finetti et al.,, 1988; Manetti et al., 1988; Robinson et al., 1996;
Starostenko et al., 2004; Afanasenkov et al., 2007; Shillington et al.,
2008; Yegorova and Gobarenko, 2010; Nikishin et al., 2011; Graham
et al., 2013; Yegorova et al., 2013; Nikishin et al., 2015a; 2015b). Their
basement probably includes thinned continental crust and oceanic crust

E-mail addresses: hippolyte@cerege.fr (J.-C. Hippolyte), murovskaya@gmail.com (A. Murovskaya), seism.volf@gmail.com (Y. Volfman), egorova@igph.kiev.ua (T. Yegorova),

oleg.gintov@gmail.com (O. Gintov), kaymakci@metu.edu.tr (N. Kaymakei), esangu@kocaeli.edu.tr (E. Sangu).

https://doi.org/10.1016/j.marpetgeo.2018.03.009

Received 19 December 2017; Received in revised form 5 March 2018; Accepted 7 March 2018

Available online 12 March 2018
0264-8172/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/02648172
https://www.elsevier.com/locate/marpetgeo
https://doi.org/10.1016/j.marpetgeo.2018.03.009
https://doi.org/10.1016/j.marpetgeo.2018.03.009
mailto:hippolyte@cerege.fr
mailto:murovskaya@gmail.com
mailto:seism.volf@gmail.com
mailto:egorova@igph.kiev.ua
mailto:oleg.gintov@gmail.com
mailto:kaymakci@metu.edu.tr
mailto:esangu@kocaeli.edu.tr
https://doi.org/10.1016/j.marpetgeo.2018.03.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpetgeo.2018.03.009&domain=pdf

J.-C. Hippolyte et al.

Marine and Petroleum Geology 93 (2018) 298-314

Fig. 1. Structural elements of the Black Sea
Basin.

A- Shaded relief map of the Black Sea Basin and
surrounding mountains with the location of the
study area and of the crustal cross-section of
figure B. C.M., Crimean Mountains. WBSF, West
Black Sea fault (Okay et al., 1994; Robinson et al.,
1996). WBSSF, West Black Sea-Saros fault
(Nikishin et al., 2003). N.A.F., North Anatolian
Fault. The depth map of the Black Sea Basins was
realized with the top of Cretaceous depth data of
Tugolesov et al. (1985). It shows the structural
elements of the Black Sea Basin. The present
Black Sea Basin has been produced by the coa-
lescence of two main sub-basins during their
post-rift phases.

B- Crustal structure of the Western Black Sea
Basin, modified from Yegorova et al. (2010) and
Baranova et al. (2011) with possible detachment
faults. Numbers indicate the modelled velocity in
km/s. (a) main ramp, (b) break-away fault of the
detachment. The Scythian Platform and the East
European Platform are characterized by a thick
lower crust at the depth 20-40 km, and an upper
crust (Vp = 6.1-6.3km/s) with low-velocity
zones (hatched pattern). The Moho, which is at a
depth of 18-20km beneath the Western Black
Sea Basin, plunges to the depth of ~40km be-
neath the Scythian Plate. Broken lines show the
possible low-angle detachments to which the
steep normal faults of the northern Black Sea area
may connect.
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but there are no magnetic stripes to corroborate this interpretation (e.g.
Belousov, 1988; Finetti et al., 1988; Yegorova et al., 2010; Yegorova
et al., 2013; Graham et al., 2013). Seismic refraction data shows ~ 40-
km thick continental crust of the Scythian Plate (Neoproterozoic base-
ment) and the East European Platform (Archaen-Palaeoproterozoic
basement; Saintot et al., 2006b; Okay and Nikishin, 2015), and thin
oceanic or/and continental crust in the Western Black Sea Basin
(Yegorova et al., 2010; Baranova et al., 2011). The Andrusov ridge is
underlain by continental crust up to 28-29 km thick (e.g. Shillington
et al., 2009; Yegorova et al., 2010).

Although it is located in an oil-rich part of the world, the pro-
spectivity of the Black Sea Basin is poorly known (e.g. Graham et al.,
2013). Even the age of rifting of the sub-basins is still an unsolved issue.
Rifting occurred either during the Early to Middle Cretaceous (e.g.
Goriir, 1988) or during the Late Cretaceous (e.g. Tiiysiiz et al., 2012).
The abyssal plain is underlain by up to 14km thick Mesozoic and
Cenozoic post-rift sedimentary sequences (e.g. Yegorova and
Gobarenko, 2010; Graham et al., 2013) and the lower seismic units
have not been drilled and dated (e.g. Nikishin et al., 2015a).

Because the offshore stratigraphy is often speculative, onshore stu-
dies around the Black Sea are of prime importance for understanding
the evolution of the Black Sea Basin and its petroleum potential.
Seismic lines show that Cretaceous graben structures have been
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inverted around the Black Sea Basin (Munteanu et al., 2011; Espurt
et al., 2014), and structural mapping in the Pontides shows that such
inverted grabens can be studied onshore (Hippolyte et al., 2010, 2016).

The Crimea Peninsula is located in the central part of the northern
Black Sea margin, and at the western continuation of the Eastern Black
Sea Basin and mid-Black Sea High (Fig. 1). Moreover, the Crimean
Mountains allow the study of an almost complete stratigraphic se-
quence of the Black Sea margin (e.g. Nikishin et al., 2017). To constrain
the timing of Black Sea rifting we carried out structural mapping and
fault kinematic analyses in the Crimean Mountains. In this paper, we
report the discovery of large normal faults with preserved striation in
southwestern Crimea. We provide new kinematic data and age con-
strain for understanding the geodynamic evolution of the Black Sea
Basin.

2. Geological setting of the Black Sea
2.1. Plate tectonic setting

The Black Sea area recorded a complex evolution from subduction
to collisions during the closure of the Neo-Tethys Ocean (Zonenshain
and Le Pichon, 1986; Dercourt et al., 1986; Finetti et al., 1988;
Robinson et al., 1996; Nikishin et al., 1998, 2017; Kaymakci et al.,
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2003a; Barrier and Vrielynck, 2008). In Triassic time, the oceanic plate
width between Gondwana and Laurasia was about 2000 km at the south
of the future Pontides (Barrier and Vrielynck, 2008). The northward
subduction of the Neo-Tethys oceanic plate under the Eurasian con-
tinental plate lasted at least for 120 million years (Norian to Campa-
nian; e.g. Barrier and Vrielynck, 2008; Sosson et al., 2016). It generated
arc-type magmatic products from Moesia in the west to the Lesser
Caucasus in the east (Fig. 1A; Adamia et al., 1981; Lordkipanidze et al.,
1989; Robinson et al., 1996; Meijers et al., 2010b; Okay and Nikishin,
2015). In this context, the Black Sea Basin opened in a back arc setting
during the Cretaceous and/or Cenozoic (e.g. Zonenshain and Le Pichon,
1986).

During Cenozoic time, several continental plates collided along the
southern margin of Eurasia (Kirshehir Block, Taurides-Anatolides-South
Armenia Block, Arabian Plate; Fig. 1A) (Kaymakci et al., 2003a).
Compressional stresses resulted in the structural inversion of large parts
of the Black Sea margins mainly during the Eocene and the Oligocene
(eg. Kaymakci et al., 2003a, 2003b, 2009; Dinu et al., 2005; Saintot
et al., 2006a; Bergerat et al., 2010; Munteanu et al., 2011; Espurt et al.,
2014; Vincent et al., 2016, 2018; Hippolyte et al., 2017). The suture
zone of the Neo-Tethys Ocean is marked by an ophiolite belt and sub-
duction-accretion complex, the Izmir-Ankara-Erzincan suture (Fig. 1A),
running from Izmir on the Turkish coast, through Ankara, into the
Sevan region of Armenia (Okay and Tiiysiiz, 1999).

2.2. Mechanism of the Black Sea opening

Whereas there is a general agreement that the Black Sea opened as a
back arc basin, the mechanism and direction of opening of its sub-ba-
sins are still unclear. Various conceptual models have been proposed.
The Eastern Black Sea Basin either opened during clockwise rotation of
the mid-Black Sea High (Robinson et al., 1996; Shillington et al., 2009),
or because of a counterclockwise rotation of the east Black Sea block
accompanied by subduction beneath the Greater Caucasus (Okay et al.,
1994). The Western Black Sea Basin is supposed to have opened during
a southward drift of a continental block (Istanbul zone) along one, or
two transform faults. A dextral transform fault, located at the western
margin of the Black Sea Basin, is invoked in many models (Okay et al.,
1994; Robinson et al., 1996; Nikishin et al., 2003, 2011, 2015b). The
motion along this fault probably caused the dextral offset of the Late
Cretaceous Srednogorie and Western Pontides magmatic arc (Fig. 1A;
Nikishin et al., 2011). Depending on the model, a sinistral transform
fault at the eastern border of the southward drifting block, is placed
either to the west of Crimea and within the Western Black Sea Basin
(West Crimean Fault; Okay et al., 1994), or closer to southwestern
Crimea and along the southern edge of mid-Black Sea High (Robinson
et al., 1995, 1996; Cloetingh et al., 2003; Yegorova and Gobarenko,
2010; Graham et al., 2013). Models that do not implicate sinistral
transform faults have also been proposed. In this case, the opening of
the two sub-basins was achieved by asymmetric back-arc extension
with counterclockwise rotation of the Pontides caused by asymmetric
trench retreat (Nikishin et al., 2003, 2011; Stephenson and Schellart,
2010). In summary, the main difference between all these models is the
presence or absence of left lateral displacement along the southern
border of the mid-Black Sea High and along the continental margin
offshore southwestern Crimea (Fig. 1). This issue can be addressed by
paleostress analyses in Crimea, which is one of the goals of our study.

2.3. Age of the Black Sea rifting

Based on stratigraphic studies in the Central Pontides (Turkey), in
Romania and in the Crimean Mountains, most authors concluded that
the rifting of the Black Sea Basin occurred during the Early to Middle
Cretaceous (Barremian or Aptian-Albian-Cenomanian; e.g. Finetti et al.,
1988; Goriir, 1988, 1997; Manetti et al., 1988; Goriir et al., 1993; Okay
et al., 1994; Robinson et al., 1995, 1996; Nikishin et al., 2003, 2011,
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2017; Dinu et al., 2005; Hippolyte et al., 2010; Munteanu et al., 2011).
The rifting of the Eastern Black Sea Basin was supposed to have oc-
curred during the same period (Aptian-Albian, Nikishin et al., 2003,
2011; Albian to Santonian; Bektas et al., 1995; Eren and Tasli, 2002), or
later, during the Paleocene (e.g. Finetti et al., 1988; Robinson et al.,
1995, 1996; Spadini et al., 1996; Shillington et al., 2008).

The Early Cretaceous age of rifting was initially constrained by two
sets of stratigraphic data in the Central Pontides (Turkey): (1) the de-
position of terrigenous material on Jurassic carbonates. It was inter-
preted as a marker of disintegration of the carbonate platform that
developed on the south-facing continental margin of Eurasia during the
Late Jurassic (Goriir, 1988); (2) a drastic change in sedimentation from
dark terrigenous sediments (Caglayan Group), to red pelagic limestones
(Kapanbogaz: Formation) deposited in a strongly oxic environment of
500-1000 m water depth. It was interpreted as marking the end of
anoxia (Goriir et al., 1993; Goriir, 1997). Goriir et al. (1993) proposed
that the unconformity between the Caglayan and the Kapanbogazi
Formations was the break-up unconformity separating the syn-rift and
post-rift sequences. Similarly, in Crimea, the Albian-Cenomanian tran-
sition was considered as the time of crustal separation (Nikishin et al.,
2003, 2011).

But the stratigraphic position and the significance of the post-rift
transition are debated. In the Central Pontides we found that the Late
Cenomanian break-up unconformity defined by Goriir et al. (1993) is
locally an angular unconformity with a stratigraphic gap from the
Upper Albian to the Coniacian (Hippolyte et al., 2010). This angular
unconformity indicates Late Albian tectonic uplift and erosion that re-
sults either from rift flank thermal uplift as suggested for a thick li-
thosphere (Robinson et al., 1995; Spadini et al., 1996; Cloetingh et al.,
2003), or from continental collision, as suggested by Aptian-Albian
metamorphic ages in the Central Pontides (Okay et al., 2006, 2013,
Hippolyte et al., 2017). Note that in the Eastern Pontides, hiatuses of
the latest Kimmeridgian to Berriasian and Hauterivian to Barremian
were also interpreted as evidences of rift flank uplift during regional
extension (Vincent et al., 2018).

Considering that back arc rifting should be contemporaneous with
arc magmatism, and that in northern Turkey the Middle Turonian-Early
Santonian Derekdy Formation (Tokay, 1952) contains the oldest volu-
minous Cretaceous volcanogenic rocks, Tiiysiiz (1999) and Tiiysiiz et al.
(2012) proposed an onset of rifting during the Cenomanian-Santonian,
and continental break-up during the Late Santonian. In addition, det-
rital zircons in Lower Cretaceous turbidites of Central Pontides that
were probably derived from the Ukrainian shield, suggested that there
was no thoroughgoing Black Sea Basin between the Pontides and the
East European Craton during the Early Cretaceous (Okay et al., 2013;
Akdogan et al., 2017).

However, based on seismic profiles and on a revised stratigraphy of
well data, Khriachtchevskaia et al. (2010) proposed an Aptian to San-
tonian age for rift structures of the northern margin of the Black Sea
(Karkinit Trough, North Azov Trough ...) and concluded that rifting of
the Black Sea began not latter than Aptian-Albian times. Similarly, in
the Greater Caucasus, Late Tithonian to Berriasian and Hauterivian to
Early Aptian episodes of subsidence were tentatively linked to initial
rifting within the Black Sea (Vincent et al., 2016).

Finally, Okay et al. (2013) proposed that an Early Cretaceous non-
volcanic rifting and a Late Cretaceous (Turonian-Santonian) opening of
the Black Sea are unrelated events. In addition, Nikishin et al. (2015b)
proposed that one rifting event predating the Cenomanian occurred
outside the Eastern and Western Black Sea basins, and that later, during
Cenomanian—Early Santonian time, the main phase of rifting and
spreading concentrated in the Eastern and Western Black Sea basins.
They distinguished two main rift/post-rift regional unconformities in
Crimea, one between the Albian and the Cenomanian, and one within
the Santonian (Nikishin et al., 2017). They agreed with Tiiysiiz et al.
(2012) to draw the regional rift/post-rift boundary within the middle
Santonian and to place the main phase of rifting and spreading of
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Fig. 2. Geological map of Southern Crimea. The contours of formations and the faults are modified from Muratov (1969) and Yudin (2009). Lines in the log show the six main
unconformities. The Middle Cretaceous unconformity is the syn-breakup unconformity of the Black Sea Basin. Below this unconformity, the thickness of the Early Cretaceous sequence is
variable due to extensional subsidence. The Lower Cretaceous and the Middle Jurassic unconformities are not drawn to better display the faults.

oceanic crust during Cenomanian—-Early Santonian time (Nikishin et al.,
2017; Tiiyziiz, 2017).

In fact, subduction related volcanic activity is now attested before
the Middle Turonian. In southwestern Crimea, Nikishin et al. (2013)
confirmed the Late Albian age of calc-alkaline volcaniclastic sand-
stones. Albian volcanoes are also known within the Odessa Shelf, the
Crimea Lowland, and the Karkinit graben (Gozhik et al., 2006;
Afanasenkov et al., 2007; Nikishin et al., 2015a). In addition, it is no-
teworthy that in this debate, the distinction between syn-rift and post-
rift sequences is rarely supported by structural data.

Structural mapping showed that large extensional deformation oc-
curred from the Barremian to the Albian in the Western Pontides
(Hippolyte et al., 2010), and in the Central Pontides (Espurt et al.,
2014; Hippolyte et al., 2016). This stretching event was characterized
by the emplacement of large olistoliths in the terrigenous Early Cre-
taceous sequence. In contrast, only minor extensional faults were found
in the Santonian to Paleocene rocks (Hippolyte et al., 2010, 2016).

In Crimea, the Early Cretaceous sequence also consists of terrige-
nous rocks (shales, sandstone and conglomerates) with limestone olis-
toliths. It was concluded from stratigraphic studies, and in particular
from the observation of olistoliths and debris flow deposits, that vertical
movements caused by several pulses of rifting occurred during the
Barremian-Albian (Nikishin et al., 2008, 2017).

To check if the Early Cretaceous extensional block faulting event,
previously identified along the southern margin of the Black Sea
(Hippolyte et al., 2010, 2016), is related to the opening of the Black
Sea, or to different geodynamic processes (e.g. Okay et al., 2013), we
need to compare the structural evolution of the two conjugate margins
of the Black Sea Basin.
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3. The Crimean Mountains

The Crimean Mountains are located at the southeastern margin of
the Crimean Peninsula, in a key area for understanding the opening of
the Black Sea Basins (Fig. 1A). They border the western edge of the
Eastern Black Sea Basin, and are close to the northern margin of the
Western Black Sea Basin. Southwestern Crimea is also located at the
western prolongation of the mid-Black Sea High. Thereby, tectonic
deformation of this area may have recorded the opening of the two
Black Sea sub-basins before Cenozoic tectonic inversion.

3.1. Age and structure of the Crimean Mountains

The Crimean Mountains form the westernmost prolongation of the
Crimea-Greater Caucasus orogenic belt (Fig. 1A). This orogenic belt is
bordered by flexural foredeep basins including the Sorokin Trough and
the Tuapse Trough to the south, and the Indolo-Kunban Trough to the
north (e.g. Sydorenko et al., 2017; Nikishin et al., 2017). These basins
are mainly filled with Oligocene-Lower Miocene (Maykopian) sedi-
ments (Finetti et al., 1988; Robinson et al., 1996; Nikishin et al., 2015a,
b; Sydorenko et al., 2017). As they initiated as a flexural response to
crustal scale thickening, the age of their sedimentary infill should cor-
respond to periods of compressional uplift of the adjacent mountains
(e.g. Vincent et al., 2007, 2016; Nikishin et al., 2010; Sheremet et al.,
2016b; Sydorenko et al., 2017). Offshore Crimea, the Sorokin Trough is
mainly filled with up to > 5km of clay-rich Maykopian sediments,
overlain by Middle Miocene and younger strata (Sydorenko et al.,
2017). It started to subside at the Eocene-Oligocene boundary (Nikishin
etal., 2017; Sydorenko et al., 2017), or during the Paleocene (Sheremet
et al.,, 2016b). It was inferred that compressional tectonics in the
Crimean Mountains possibly started as early as the Eocene (Nikishin
et al., 2017; Sydorenko et al., 2017), or the Paleocene (Sheremet et al.,
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2016b). Apatite fission track ages (50.6 = 4.7-32.2 + 1.8Ma), and
modelled time-temperature paths (Panek et al., 2009), indicate an
Eocene-Early Oligocene exhumation of the Crimean Mountains.
Nonetheless, based on the stratigraphic sequences, there is a large
agreement that the main phase of compression occurred during the
Oligocene-Miocene in the Crimean Mountains like in the Western
Caucasus (e.g. Vincent et al., 2007; Nikishin et al., 2010; 2015a,b;
Sheremet et al., 2016b; Sydorenko et al., 2017).

No consensus exists about the structure of the Crimean Mountains.
Whereas Muratov (1969) assumed no significant horizontal move-
ments, Yudin (1993, 2009) proposed that these mountains are con-
stituted by multiple thrust sheets with tectonic melanges and olistos-
tromes. On two sections across the eastern part of Crimean Mountains
and the Sorokin Trough, Sheremet et al. (2016b) also showed mainly
south-vergent thrusts. They indicated that normal faults identified on
seismic lines, are related to the subsidence of the foreland basin, and
not to Eastern Black Sea rifting.

At a large scale, the Crimean Mountains appears as a large mono-
cline dipping to the northwest that results from an about 5° post-Eocene
northward tilting (Fig. 2; e.g. Meijers et al., 2010b). The seismic ac-
tivity, focal plane mechanisms and fault kinematic analyses indicate
that compressional deformation is still going on (Angelier et al., 1994;
Saintot et al., 1998; Saintot and Angelier, 2000; Gintov, 2005;
Gobarenko et al., 2016; Murovskaya et al., 2016). Because of this
northwestward tilting, the highest mountains of Crimea are present
along its southeastern coast (Fig. 2). Elevations do not exceed 1545 m
(Roman Kosh, in southwestern Crimea; Fig. 2). The southern narrow
slope of the Crimean Mountains frequently corresponds to the edge of
limestone plateaus with high cliffs where the sedimentary pile is well
exposed.

3.2. Stratigraphy of the Crimean Mountains

The oldest rocks exposed in Crimea, belong to the Tauric Complex,
attributed to the Upper Triassic-Lower Liassic (e.g. Nikishin et al., 2017;
Oszczypko et al., 2017). They include deep-water terrigenous flysch
deposits similar to deposits of the Kiire Complex in the Central Pontides
(Ustadbmer and Robertson, 1994; Nikishin et al., 2011). In the eastern
Crimean Mountains, formations mapped as Tauric Complex (Muratov,
1969) have been dated as Early Cretaceous in age (Popadyuk and
Smirnov, 1991; Popadyuk et al., 2013; Sheremet et al., 2016a;
Oszczypko et al., 2017). The age of this complex is still the subject of
debate (e.g. Nikishin et al., 2017; Oszczypko et al., 2017), but it does
not concern our study area in southwestern Crimea where the Tauric
Complex is stratigraphically overlain by Jurassic rocks (Fig. 2).

The middle Jurassic sequence includes isotopically dated Bajocian
volcanic rocks (Meijers et al., 2010b) that belong to a volcanic arc that
was active during the Aalenian to Bajocian main phase of rifting of the
Greater Caucasus Basin (Vincent et al., 2016). In Eastern Crimea, Ti-
thonian to Berriasian subduction-related volcanic rocks provide evi-
dence for Jurassic northwards subduction below the Eurasian margin,
preceding the opening of the Black Sea Basin (Meijers et al., 2010b). In
western Crimea, the Late Jurassic time was characterized by deposition
of thick carbonates and conglomerates series. Now, these Kimmer-
idgian-Lower Berriasian units form the main cliffs along the south-
eastern coast of Crimea.

Starting from the Late Berriasian or Valanginian (e.g. Nikishin et al.,
2017), sedimentation changed markedly with the deposition of terri-
genous sediments (Fig. 2). The Early Cretaceous series include Va-
langinian-Hauterivian clays, marls and sandstones, Upper Hauterivian-
Lower Barremian limestones and sandstones, Upper Barremian-Aptian
clays with siderite nodules, middle and Upper Albian sandstone and
volcanic tuff (e.g. Nikishin et al., 2017). In contrast with these units, the
Cenomanian-Thanetian sequence mainly consists of shelf-type deposits.
The Late Cretaceous series includes Cenomanian-Coniacian limestones
and Santonian-Maastrichtian marls (e.g. Nikishin et al., 2017). A
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limestone sequence covered by marls characterized both the Paleocene
and the Eocene units (Fig. 2). They form two distinctive cuestas along
the northern slope of the Crimean Mountains (Fig. 2; e.g. Muratov,
1969; Yudin, 2009; Nikishin et al., 2017). Middle and Upper Miocene
shallow marine deposits (limestone sandstone and clays) cover the low
lands of Crimea.

Based on stratigraphic unconformities, several tectonic events have
been proposed for the formation of the Crimean Mountains (Muratov,
1969; Sheremet et al., 2016b; Nikishin et al., 2017). However, they are
not all angular unconformities, and generally, they have not been re-
lated to tectonic structures. Orogenic events are inferred for the
Triassic-Jurassic and Early-Middle Jurassic boundaries, and during the
deposition of the Oligocene-Quaternary sediments (Muratov, 1969;
Nikishin et al., 2017). A regional unconformity also marks the base of
Ypresian-Lutetian deposits (Fig. 2; Nikishin et al., 2017). Syn-rift series
would include Callovian-Oxfordian, and Late Barremian-Albian sedi-
ments (Nikishin et al., 2017). Whereas postrift sequences, would in-
clude Kimmeridgian-Berriasian and Cenomanian-Lower Santonian se-
diments (Nikishin et al., 2017). Concerning the Early Cretaceous,
extensional tectonics was mainly inferred from the presence of olisto-
liths and olistostromes (e.g. Nikishin et al., 2017). However, this ar-
gument is not decisive because olistoliths and olistostromes are mass-
transport deposits that can be found in both extensional and compres-
sional tectonic settings. For example, they are frequently related to
nappe emplacement in syn-orogenic environments (e.g. Golonka et al.,
2015). To check if the olistoliths of Crimea are related to normal
faulting, or to compressional deformation, we carried out structural
analyses in southern Crimea.

4. Structural analysis of southern Crimea

Various geological maps of Crimea have been produced over time
(e.g. Muratov, 1969; Yudin, 2009; Popadyuk et al., 2013; Bilecki, 2006;
http://geoinf.kiev.ua/wp/kartograma.htm; http://webmapget.vsegei.
ru/index.html). Whereas there is an agreement on the mapping of the
Late Cretaceous-Neogene rocks, that form a monocline dipping to the
Northwest, strong discrepancies exist concerning the fault traces and
the distribution and age of the older rocks. Muratov (1969), produced
the first 1/200 000 scale geological maps based on extensive bios-
tratigraphic studies and detailed mapping of sedimentary units. They
are often considered as of good accuracy (e.g. Popadyuk et al., 2013). In
Fig. 2, we present a geological map, which is modified from Muratov's
maps (1969) and Yudin (2009) using google satellite images and our
field mapping in southeastern Crimea. We distinguish six un-
conformities in the Jurassic-Miocene units (Fig. 2). Note that the Oli-
gocene-Eocene unconformity (e.g. Nikishin et al., 2017) is only mapped
in eastern Crimean Mountains where shales of the Maykopian Group
are exposed. The Lower Miocene and the Eocene-Paleocene un-
conformities are erosional surfaces, separating rock masses of various
ages, which we interpret as the result of orogenic activity.

The joint use of geological maps, satellite images and SRTM 1s DEM,
permitted a 3D structural analysis of the Crimean Mountains. We could
identify and map normal faults mainly in the southeastern part of the
Crimean Mountains (Fig. 3; Hippolyte et al., 2014). We studied these
faults in the field in particular to check if they are normal faults, and to
measure their slip direction. We also carried out paleostress analyses
along these faults to understand the geodynamic evolution of Crimea. A
previous paleostress study in Crimea and Greater Caucasus, by Saintot
et al. (1998), concluded for six Cenozoic tectonic events, but did not
show the Cretaceous rifting. We determined paleostresses from inver-
sion of fault slip data with the INVD method (Angelier, 1990). We used
slickenside superposition and fracturing analysis to unravel the chron-
ology of extensional and compressional tectonic events. We will de-
scribe the main extensional structures checked during fieldwork.
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Fig. 3. Geological map of southwestern Crimea with in red the normal faults mapped
during this work. Lower hemisphere Schmidt's diagrams show examples of normal faults
measured at three sites, and the stress axes determined using the INVD stress inversion
method (Angelier, 1990). Five-branch star = 01 (maximum principal stress axis); four-
branch star = 02 (intermediate principal stress axis); three-branch star = 03 (minimum
principal stress axis); bedding planes as broken lines. K. Kyzylove village. H. Honcharne
village. Balak. Balaklava. Name of faults sites in black (see also Table 2 and Figs. 4-8).
(For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

4.1. Honcharne (goncharnoe) half graben

According to Muratov (1969), the plain around Honcharne village
(formerly named Varnutka village) is underlain by greenish clays, marls
and sandstones of Valanginian-Hauterivian age and clays with siderite
nodules of Late Barremian-Aptian age. A fault is mapped at the foot of a
hill bordering the Honcharne plain to the north (Muratov, 1969), and
was partly studied by Saintot et al. (1998) and Gintov (2005). Road cuts
allow the observation of the fault plane at two places (sites Varl and
Var2, Figs. 3-5). At the eastern site (Varl, Figs. 3 and 4), we found a
northwest dipping fault surface separating Late Jurassic limestone of
the foot-wall block from Cretaceous greenish clays of the hanging-wall
block (Fig. 4, Hippolyte et al., 2014). Large grooves clearly show that it
is a dip-slip normal fault (Fig. 4D). Nannoplankton assemblages from
samples 19 and 20 indicate a Valanginian age for the greenish clays
(Fig. 4A, B and 4C). At the western site (Var2, Figs. 3 and 5), nanno-
plankton assemblages from sample 21 indicate an Early Barremian age
for greenish clays with quartz sandstones intercalations (Table 1).
Consequently, the Valangian-Hauterivian formation of Muratov (1969)
is dated here as Valanginian-Early Barremian.

Limestone olistoliths along the fault plane suggest that rock falls
from a limestone scarp occurred during the Early Cretaceous (Fig. 4B).
At sites Varl and Var2 (Fig. 5B), the intercalations of limestone debris
flow deposits in the terrigenous Early Cretaceous sediments also sug-
gests that erosion of the uplifted foot-wall block occurred during Va-
langinian to Barremian time. We conclude that normal faulting created
fault scarps during the infill of the Honcharne basin, and that syn-de-
positional extension occurred from the Valanginian to the Barremian.

At site Var2, the fault surface also shows large normal striations.
Locally horizontal striations (not present at site Varl) reveal a minor
reactivation of the fault in a dextral sense. The chronology of the fault
striations is clear. Given the fact that tiny horizontal striations are su-
perimposed on the sides of the large dip-slip corrugations, we infer that
they have formed after the Cretaceous normal slip. Fault slip analyses at
sites Varl and Var2 show that the Early Cretaceous trend of extension
was NNE-SSW along the Honcharne fault (Figs. 4A and 5C). Slickenside
superposition, indicate that two compressional events with NE-SW and
NW-SE trends postdate the extension. We conclude that despite a minor
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strike-slip reactivation, the Honcharne fault is a well-preserved NW-
trending Cretaceous normal fault that moved in response to NNE-
trending extension. Normal faulting controlled the infill of the Hon-
charne half graben. Therefore, extensional deformation is attested at
least from Valanginian to Barremian time in this area.

4.2. Kyzylove half graben

Immediately south of Kyzylove village (Fig. 3), a fault is drawn on
Muratov's map (1969). It separates clays and sandstone from Jurassic
limestones (Fig. 6A), but Muratov (1969) mapped these two sequences
as Tithonian. We could map the Kyzylove fault as 4.5 km long. The fault
extends southeastward near the Black Sea coast. There, the steep
southern slope of the mountain allows the study of the fault zone in
cross-section (Fig. 6D). The fault dips about 60° to the northeast. The
fault contact is clear between the Jurassic limestones and the flysch like
deposits with dense forest cover (Fig. 6D). The touristic Foros church
was built at the top of the Jurassic limestone of the hanging-wall block,
at 400 m elevation. In the footwall block, the uppermost Kimmeridgian
limestone is at 657 m elevation. We infer for the Kyzylove normal fault,
a minimum vertical throw of 257 m, and a net slip over 290 m (Fig. 6D).

Thanks to a landslide perpendicular to the fault (dashed line in
Fig. 6D), the southern tip of the fault zone can studied in cross-section.
The fault zone in the Jurassic limestone includes several large fault
surfaces parallel and immediately west of the main fault contact
(footwall block; Fig. 6D). We could measure the main striated faults
surfaces and determine their sense of slip by using calcite steps as ki-
nematic indicators. The large north-dipping fault planes are normal
fault with dip-slip striation (Fig. 6C). Minor conjugate normal faults are
also present which allows computation of a NE-trending extension
(Fig. 6D). Slickensides superposition moreover indicates that many of
the NE-dipping normal faults were reactivated as dextral-reverse faults
during NNE-trending compression (Fig. 6D). This fault chronology is
consistent with that deduced from the Honcharne half graben (Fig. 4A).

We also measured striated normal fault surfaces in the hanging-wall
block, at a site located immediately east of Foros church (Fig. 6D). As in
the fault zone, they indicate NE-trending extension (fault diagram Cr15
in Fig. 3).

Classically, along normal faults, the younger sedimentary units are
found on the hanging-wall block. The Kyzylove village is on the
hanging-wall block (Fig. 6A). Around this village, the rocks are greenish
clays alternating with beds of sandstone, with frequent grass and forest
cover (Fig. 6A and B). Whereas Muratov (1969) mapped them as Ti-
thonian, our two samples from these clastic rocks yielded Early Cre-
taceous ages in agreement with the normal slip of the fault. Sample 35,
from flysch like deposits outcropping just ~30 m above the Kimmer-
idgian-Lower Berriasian limestone of Foros church, yielded nanno-
plankton assemblages of the Valanginian-Hauterivian (Fig. 6D;
Table 1). Sample 34, from sandy clays upper in the sequence, yielded a
Late Aptian age (Table 1). We infer that the greenish clays and sand-
stones filling the Kyzylove and the Honcharne half grabens are of the
same age: Valanginian to Aptian.

A large olistolith of Jurassic limestone is exposed in the Kyzylove
Cretaceous basin at 900 m from the normal fault (Fig. 6A). This lime-
stone olistolith confirms that the deposition of the terrigenous Early
Cretaceous sequence postdates the Tithonian carbonates. As for the
Honcharne basin, it supports the idea that the Kyzylove half graben was
filled during normal faulting, that generated gravitational instability
along a fault scarp. We conclude that the Honcharne basin and the
Kyzylove basin are half grabens formed by NNE to NE-trending exten-
sion at least from Valanginian to Late Aptian time. Note that at Foros,
the base of the synrift fill of the grabens is exposed. The Valanginian age
of sample 35 (stratigraphically ~30m above the top of the Kimmer-
idgian-Lower Berriasian limestone), agrees with the oldest ages of the
Lower Cretaceous shales in Crimea (e.g. Nikishin at el., 2017). We infer
from the oldest age of the infill that rifting started during the
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Fig. 4. Border fault of the Honcharne half graben at site Var2 (Fig. 3). A: The south-dipping normal fault, between Lower Cretaceous clays of the hanging wall, and Jurassic limestone of
the footwall. Samples 19 and 20 contain nannoplankton assemblages of Valanginian age. Lower hemisphere Schmidt's diagrams show the faults measured at this site, and the stress axes
determined using the INVD stress inversion method (Angelier, 1990). Same legend as Fig. 3. B: Olistoliths of Jurassic limestone in the Valanginian clays along the fault. C: Fault contact
between the Cretaceous clays and the Jurassic limestone. D: Large ridge-and-groove lineations on the fault surface.

Inversion of fault slip data reveals two states of stress: NNE-trending extension and NE-trending compression. Superposition of slickensides on north dipping fault surfaces indicates that

the NNE-trending Early Cretaceous extension occurred first.

Valanginian, but a Late Berriasian onset is not excluded.

4.3. Cretaceous submarine scarps

The two graben structures described above are the first kilometer-
scale extensional structures described in the Cretaceous sequences of
Crimea. In their study of a large Albian olistostrome, Nikishin et al.
(2017) also reported two surfaces of normal faults in the quarries
around Balaklava (Fig. 3). We believe that the main reason why normal
fault contacts have rarely been observed is that the steep contacts be-
tween Early Cretaceous rocks and their Jurassic basement are often of
erosional nature. In Muratov's model (1960; 1969), the Lower Cretac-
eous marine sediments filled depressions made by river erosion whose
location was determined by faults or zones of fracturing. In his model,
the Lower Cretaceous marine flooding was so fast that the erosional
topography was preserved and buried under clayey sediments.

According to Muratov (1969), the Upper Barremian-Aptian clays
outcropping near Balaklava fill such paleo-valleys (Fig. 3). The onlap
unconformity, between the Cretaceous clays and the Jurassic limestone,
is exposed in Gasforta quarry situated at the foot of a limestone ridge
(Fig. 7A). Note that this quarry is located to the east of Balaklava city
where Nikishin et al. (2011, 2013, 2015a) described the “Balaklava
Graben” as an about 100 m thick infill of Aptian and Albian shales,
debris flow deposits and olistostromes.

In Gasforta quarry, there is no visible fault contact between the
Cretaceous clays and the Jurassic limestone. This limestone dips 40° to
the north, and the clays onlap a southwest dipping paleo-scarp
(Fig. 7A). This stratigraphic onlap seems in agreement with Muratov's
interpretations of paleovalleys. An iron-rich crust (probably made by
microbialites) covers the limestone paleo-scarp surface (Fig. 7A).
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Marine fossils are stuck on this iron crust. They include crinoid stem
fragments and sea urchin's spines (Fig. 7B). We infer that the paleo-
scarp was a Cretaceous submarine scarp that was later onlapped by the
Barremian-Aptian clays.

Fracture analysis provides clues for understanding the origin of this
NW-trending submarine scarp. Both extensional and compressional
faults are present in the Jurassic limestone along the scarp (cf. fault
diagrams in Fig. 7D). Inversion of the fault slip data indicates two
shortening events with maximum compressional stress axes trending
NE-SW and NW-SE. They correspond to the shortening events identified
along the Honcharne and Kysylove faults (Figs. 4A, 5C and 6D). They
can explain the northward dip of the rocks. Extensional faults are also
present. They trend ESE-WSW and predate the folding (Fig. 7D). The
chronology of faulting is indicated by the tilt of the normal faults and by
their reactivation as strike-slip faults during compression (Fig. 7D). The
sketches of Fig. 7D show the evolution of the scarp during extensional
and compressional events. In the second fault diagrams of Fig. 7D, we
have rotated the normal faults back to their original attitude, when
bedding was horizontal. It shows that the Cretaceous extension was
trending NE-SW (Fig. 7D) as we found for the Honcharne and Kyzylove
half grabens.

The fact that the paleo-scarp of the Gasforta quarry trends parallel
to the normal faults suggests that it was primarily generated by normal
faulting. In addition, the lack of striation on the paleo-scarp surface
suggests that the main striated fault surface has been eroded. Along the
limestone scarp, we found sedimentary dykes, which are open fractures
filled by Cretaceous marine sediments (Fig. 7A and C). Moreover,
olistoliths and debris flow deposits are frequent in the Early Cretaceous
sequence. Therefore, Cretaceous gravitational erosion of a large sub-
marine fault scarp can explain the lack of striated fault surface, and the
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Fig. 5. Border fault of the Honcharne half graben at site Varl (Fig. 3). A: The south-
dipping normal fault, between Lower Cretaceous clays and Jurassic limestone of the
footwall. The fault surface shows large vertical striation, visible in the foreground, and
superposed little dextral horizontal striation. B: limestone debris flow intercalation within
the Cretaceous clay and sandstones. Sample 21 contains nannoplankton assemblages of
Barremian age. C: Fault diagrams (lower hemisphere) show the striated fault surfaces
measured at this site and the two successive state of stress: NNE-trending extension fol-
lowed by SE-trending compression.

Nannoconus colomii, N. kamptnerii, N. steinmannii, Micrantholithus obtusus, Watznaueria barnesae, Ellipsosphaera communis,

Parhabdolithus embergeri, Cyclagelosphaera margerelii
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Cyclagelosphaera deflandrei, C. margerelii

Cyclagelosphaera deflandrei, C. margerelii

nannofossils assemblages

sedimentary dykes at Gasforta quarry (Fig. 7D step 2). More generally, ﬁ:
gravitational sliding and rock falls from the fault scarps probably pro- E
vided the limestone olistoliths and debris that are frequent in the basin g
(Fig. 3). We propose that a combination of normal faulting and grav- B
itational erosion generated this Cretaceous scarp. The cracks opened in g §
the Cretaceous sea either during normal faulting or during gravitational 2 %
sliding. g g E

Our structural analysis at Gasforta quarry suggests that the de- g s g g | i
position of Early Cretaceous sediments at lower elevation than the Late a E g § % § j%
Jurassic carbonates in Crimea, results from tectonic subsidence and not N :\af E = T8 :ré)
from Cretaceous river erosion as proposed by Muratov (1960, 1969). E| |2 2 8 S5 ¢
The Honcharne and Kyzylove half grabens clearly demonstrate that E v
tectonic subsidence occurred during the Early Cretaceous. Para- f ,§
doxically, we can explain the lack of evidences of normal faults in % ) E
Crimea by large extensional deformation. In southwestern Crimea, the 5 it é
Early Cretaceous tectonic subsidence was faster than sedimentation, as § ° § R
to produce submarine fault scarps within an underfilled basin. Under- g | = 8 S 3
filled basins occur when subsidence dominates. In underfilled faulted E“ el F & 2 E’g 'g
basins like in southwestern Crimea, a large normal slip rates can gen- =z N
erate submarine fault scarps. Part of these fault scarps were affected by _% 2
submarine erosion before been covered by sediments. Finally, that ex- ° | E
tensional subsidence was greater than sedimentation rate can explain £ E S 3 2 23 8
the two particularities of the Cretaceous sedimentations in Crimea: the E £ g 3 B =8 =
stratigraphic onlap on eroded scarps, and the frequent occurrence of I 0§ T 2
limestone olistoliths and olistostromes (Fig. 7D). g 2

J |
4.4. Tectonic-stratigraphic dating of the extensional deformation in Crimea g 2
12l 2 % 5% 8

The examples of the Honcharne and Kyzylove half grabens show 7§~ %‘) E E s % ﬁ é
that olistoliths and debris flow of Jurassic limestone originate from e
normal faults scarps. In the Cretaceous of Crimea, the olistoliths do not - 1: <
indicate a compressional setting as it is in many cases in the world (e.g. =5 Ev E 8 | §
Golonka et al., 2015). Therefore, occurrence of olistoliths and debris g2



J.-C. Hippolyte et al.

>
o
o
=)
=
2
=
&)

flow in a given stratigraphic units of Crimea provide evidence of con-
temporaneous extensional faulting. According to Muratov's maps
(1969), and Yudin's map (2009), olistoliths are present in the Lower
Cretaceous units up to the Albian sandstones. We found olistoliths,
olistostromes and limestone debris flow deposits within terrigenous
sediments of Valanginian, Hauterivian, Barremian, and Aptian age
(Figs. 4B, 5B and 6). Debris flow deposits of Albian age are also re-
ported in the Kadykovsky quarry near Balaklava (Nikishin et al., 2017).
Finally, olistoliths and debris flow deposits suggest that normal faulting
occurred during the whole Valanginian to Albian period. Note that with
the lack of the Upper Berriasian sediments (Nikishin et al., 2017), we
cannot exclude that rifting started during the Late Berriasian, im-
mediately before deposition of the Valanginian sediments.

Stratigraphic dating of a tectonic event can also be achieved by
determining paleostresses in various stratigraphic units to find out the
most recent unit affected by this event. To check if extensional stresses
occurred up to the Albian time in Crimea, as suggested by olistoliths we
analyzed the rock fractures in a famous outcrop of Albian volcaniclastic
sandstones located in a railway trench, 4 km north from Balaklava (site
Volc in Fig. 3). Nikishin et al. (2013) studied this volcaniclastic sand-
stone from a sedimentology point of view. They defined it as a re-
deposited andesite-dacite tuff containing fragments of sedimentary
rocks and volcanic material up to 1.5 cm in size (porphyry andesites,
plagioclase crystals, clinopyroxene, amphibole ...). They interpreted
this deposit as a submarine flow that started at an andesite volcanic
edifice, and estimated its age by analysis of detrital zircons, at 103+ -1
Ma (Late Albian).

In this outcrop, the layers of volcaniclastic sandstone dip 22° to the
northeast (Fig. 8A). At the northern edge of this outcrop, the volcani-
clastic unit seems in tectonic contact with thinly bedded sandstones
(Fig. 8B). The main fault plane is not exposed, but at proximity, a
normal fault cuts and offsets vertically by 50 cm a layer of Albian vol-
caniclastic sandstone (Fig. 8B and D). Several sedimentary dykes cut the
volcaniclastic sandstone (Fig. 8C and D), and support the interpretation
of syn-Albian extensional faulting. Moreover, the NW-SE trend of the
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Fig. 6. Border fault of the Kyzylove half graben (site Bay in Fig. 3).
A: The Kyzylove normal fault between sub-horizontal Jurassic
limestones (footwall) and the Lower Cretaceous graben infill. B:
Sandstone beds alternating with clays, in the Kyzylove basin. C: Top
view of a large striated fault surface in the fault zone shown in figure
D. D: Cross-sectional view of the Kyzylove normal fault near Foros
church. The church was built at the top of the Jurassic limestone of
the hanging-wall block, and the fault displacement is over 290 m.
Faults visible in the limestone belong to the fault zone. The two fault
diagrams show the fault slips measured in this fault zone. NW-
trending faults were reactivated as dextral faults. NE-trending ex-
tension was followed by NNE-trending compression.

sedimentary dykes and the normal faults is consistent with the NE-SW
trend of extension that affected the area during the Early Cretaceous
(Figs. 8 and 3).

The Late Albian rocks are the most recent rocks of Crimean
Mountains cut by normal faults. We could not map any clear normal
faults in Late Cretaceous units. We studied outcrops of Cenomanian to
Paleocene rocks to check if normal faulting exists at the small scale, but
we only found compressional faults (Table 2). We conclude that in
Crimea, the dislocation of the Late Jurassic carbonate platform by ex-
tensional tectonic movements started during the Valanginian (or Late
Berriasian) and lasted up to Late Albian.

The Late Cretaceous sequence, is devoid of normal faults. The large
olistoliths reported on geological maps (e.g. Yudin, 1993, 2009), are
present in the Early Cretaceous sequence, but are lacking in the Late
Cretaceous sequence (Fig. 3). We conclude that the Valanginian to Late
Albian sequence, which was deposited in half grabens and which con-
tains olistoliths and debris flow intercalations, is a syn-rift sequence. In
contrast, the Late Cretaceous sequence of Crimea, which is not cut by
normal faults and which does not contain olistoliths or debris flow
deposits, represents the post-rift sequence.

4.5. A normal fault array parallel to the crustal structures

Despite gravitational erosion and successive compressional de-
formation we could map about ten large normal faults in the Crimean
Mountains (Fig. 3). They generally border graben structures and trend
NW-SE to WNW-ESE. They are all situated in southwestern Crimea and
form an array of parallel normal faults along the southwestern coast of
Crimea. The geological map shows that this normal fault array cuts the
Early Cretaceous series and their basement, but does not cut the Late
Cretaceous sequence, which is the post-rift sequence (Fig. 3).

A 3D view of the geological map illustrates the structural contrast
between the block faulted basement, and the Cenomanian-Cenozoic
post-rift sequence (Fig. 9). The graben structures described in the Lower
Cretaceous do not exist in the Upper Cretaceous and Cenozoic layers.
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Fig. 7. Cretaceous submarine scarp at Gasforta quarry (site Gas in Fig. 3). A: Erosional scarp in the Jurassic limestone, onlapped by Aptian clays (sample 26) that locally also fills
sedimentary dykes. The Jurassic limestone dips 40° to the left (north). The scarp surface is covered by iron oxides with marine fossils. This hardground formed when the scarp was
exposed on the seafloor, before deposition of the Aptian clays. B: Detail view of the iron oxide surface showing a fragment of crinoid stem. C: Detail view of a sedimentary dyke filled with
Cretaceous sand. D: Model of evolution of the scarp. Step 1: Early Cretaceous, normal faulting. Schmidt's diagrams show the normal faults and sedimentary dykes (dots) in their present-
day attitude, and back-tilted to their original attitude (bedding planes as broken lines). In the first diagram, some extensional faults look like reverse faults because they were rotated
during folding. Step 2: Early Cretaceous, submarine collapse of the fault scarp producing olistoliths and sedimentary dykes. Step 3: Cenozoic, tilting during two compressional events (NE-
SW and NW-SE). Note that many ESE-trending normal faults were reactivates as strike-slip faults.

This view shows that the mapped fault array, with vertical fault dis-
placements of a few hundred meters, is sealed by the Late Cretaceous
sequence. This feature denotes thickness variations in the Lower Cre-
taceous infill, which is typical of synrift sequences. The Late Cretac-
eous-Paleocene post-rift sequence only shows gentle NW-trending an-
ticlines and synclines. Note that the NW-trending anticline shown in
Fig. 9 probably results from the inversion of a NW-trending normal
fault of the basement. This gentle folding probably occurred during the
Cenozoic NE-trending compressional event that also reactivated parts of
the Honcharne and Kysylove normal faults (Fig. 10A).

Fault kinematic analysis in eight sites along the normal faults, shows
that the Early Cretaceous extension was trending NE-SW to NNE-SSW.

Given the fact that the mapped array of collinear normal faults formed
orthogonal to the least principal stress, we infer that there was no ob-
lique component during rifting in this area.

Structural and paleostress data allow to place the syn-rift/post-rift
boundary at the end of the Albian. This boundary corresponds to a
major regional unconformity (e.g. Muratov, 1969: Nikishin et al.,
2017). In contrast with other unconformities in the stratigraphic se-
quence of Crimea, the Albian-Cenomanian unconformity clearly sepa-
rates the block-faulted basement from the Late Cretaceous post-rift se-
quence, which was only deformed by Cenozoic shortening events. We
interpret it as the break-up unconformity of the Black Sea because it
covers the studied normal fault array.
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Fig. 8. Most recent record of normal faulting: the Late Albian vol-
caniclastic sandstones of Balaklava. A: Main outcrop of Albian an-
desite-dacite tuff described by Nikishin et al. (2013). B: Normal
faults at the northeastern edge of the outcrop. C: sedimentary dyke in
the Albian sandstones. D: Detail view of a fault of figure B with 50 cm
normal offset of a layer, factures and sedimentary dykes in the Al-
bian sandstones. The Schmidt's diagram shows the normal faults
(lines) and sedimentary dykes (dots). Their dip directions are close to
the NE trend of extension determined in the other sites.

Paleostress tensors computed from fault-slip data and coordinates of sites of figures and Stress regimes: C = compressional, S = strike-slip, E = extensional. 01, 02, 03: maximum,
intermediary and minimum principal stress axis respectively. tr., pl.: trend (north to east) and plunge in ° of the stress axes. ® = (02-03)/(01-03). ANG = average angle between
computed shear stress and observed slickenside lineation (°). RUP = quality estimator (0 < RUP < 200) taking into account the relative magnitude of the shear stress on fault planes (cf.
Angelier, 1990).

Site name location NorthingUTM36 Easting Age of rocks stress number of striated ol 02 a3 (o] ANG RUP
UTM36 regime faults
tr. pl. tr. pl tr. pL
Ball BALA1 544676 4929606 Jurassic S 6 45 16 224 74 315 0 0.23 7 18
Bal2 BALA2 547182 4929581 Albian S 12 20 14 132 56 281 30 0.06 11 29
Bay BAYDAR 562152 4917102 Jurassic E 10 275 83 136 5 45 4 04 11 29
Bay BAYDAR 562152 4917102 Jurassic S 15 22 9 195 81 292 1 0.18 10 33
Che CHERNO 554302 4932773 Cenomanian-Coniacian S 8 136 6 281 83 45 4 025 12 50
Che2 CM18 569043 4923694 Jurassic E 9 80 77 296 11 204 8 031 15 39
Che2 CM18 555141 4923694 Jurassic S 5 291 6 94 83 201 2 053 19 42
Crl CM1 557173 4935493 Albian C 12 115 4 207 24 16 65 0.44 14 25
Cr13 CM13 567842 4918780 Jurassic S 9 311 4 192 82 42 7 027 8 34
Crl5 CM15 563057 4917232 Jurassic E 14 147 81 311 8 41 2 059 4 15
Crl5 CM15 563057 4917232 Jurassic S 13 248 10 137 63 343 25 0.11 9 33
Cr2 CM2 559415 4936561 Cenomanian-Coniacian S 9 126 12 22 50 225 37 0.25 16 52
Cr5 CM5 556965 4919247 Jurassic E 19 72 70 292 15 199 12 0.36 9 24
Cr5 CM5 556965 4919247 Jurassic S 8 327 4 78 79 236 10 0.39 12 35
Cr7 CM7 555041 4919161 Jurassic C 10 9 13 276 10 150 73 0.54 18 35
Gas GASFOR 554407 4931043 Upper Aptian Sample 26 E 4 134 80 116 2 206 9 0.47 12 45
Gas GASFOR 554407 4931043 Upper Aptian Sample 26 S 12 242 2 342 80 152 10 0.02 13 33
Gas GASFOR 554407 4931043 Upper Aptian Sample 26 S 8 156 12 255 35 50 52 0.06 10 27
Geor GEORGIEV ~ 538238 4928518 Jurassic E 7 310 76 156 12 65 6 0.29 11 33
Geor GEORGIEV 538238 4928518 Jurassic S 10 191 11 63 73 284 13 0.59 10 25
Varl VARNAUT1 557547 4923787 Valanginian Samples 19- E 27 176 76 274 2 5 14 0.34 12 31
20
Varl VARNAUT1 557547 4923787 Valanginian Samples 19- S 4 216 23 9 55 317 25 0.26 13 48
20
Var2 VARNAUT2 555141 4925340 Lower Barremian Samples E 5 49 74 291 7 199 14 041 10 31
21
Var2 VARNAUT2 555141 4925340 Lower Barremian Samples S 4 140 8 32 65 233 23 03 12 41
21
Volc VOLC 549022 4931321 Albian E
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Fig. 9. 3D-view of the mapped normal fault array and graben structures. Same color
legend as for Fig. 2. Normal faults and graben structures are only present in rocks older
that the Late Cretaceous. The Late Cretaceous post-rift sequence unconformably overlies
these structures. Therefore, we interpret the Middle Cretaceous unconformity as the
break-up unconformity of the Black Sea Basin. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Two successive Cenozoic compressional events in southwestern Crimea (same
legend as Fig. 3). A- Early Eocene NE-trending compression. It partly inverted some
normal faults at sites Varnl, Bay and Gas (Fig. 4, 6 and 7). A NW-trending anticline
probably results from the inversion of a normal fault. We infer from the age of the folded
sequence that NE-SW compression started at the Paleocene-Eocene transition (c.f. Fig. 9).
B— Eocene to Present SE-trending compression. According to fault chronologies it post-
dates the NE-SW compression.
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5. Implications for the geodynamic evolution of the Black Sea
Basin

We showed that large graben structures are present in southwestern
Crimea. They trend parallel to the southwestern coast of this peninsula
(Fig. 3). This area is the western onshore prolongation of the mid-Black
Sea High and the Eastern Black Sea Basin (Fig. 1). It is also located close
to the northern continental margin of the Western Black Sea Basin. The
fact that the graben structures of Crimea trend parallel to, and are lo-
cated close to, these Black Sea crustal structures, supports the inter-
pretation that they formed during the rifting of the Black Sea Basin.

A balanced cross section of the southern Black Sea margin showed
that, during the rifting of the Black Sea Basin, crustal extension might
have taken place via a low-angle mid-crustal detachment to which
steeper normal faults connected (Espurt et al., 2014). Similar low-angle
detachment faults can be drawn at the northern margin of Western
Black Sea Basin (Fig. 1B). A seismic line across the Western Black Sea
Basin shows that the basement plunges of ~8km along the northern
continental margin (Yegorova et al., 2010; Baranova et al., 2011). This
high-amplitude normal fault (a in Fig. 1B) was interpreted as a first
order rift structure related to the opening of the Western Black Sea
Basin (Yegorova et al., 2010). Seismic reflection profiles suggest that it
was related to Early Cretaceous normal faulting (Khriachtchevskaia
et al., 2009). Moreover, two low-velocity zones in the upper crust, at
the depth of 7-10 and 15km, were interpreted as zones of major
fracturing and porosity (Baranova et al., 2011). We propose that these
steep and flat structures may be part of a ramp and flat detachment
system associated with the Cretaceous normal faulting (Fig. 1B).

The present northern continental margin of the Western Black Sea
Basin was a major ramp of this low-angle detachment fault system
(Yegorova et al., 2010). But Cretaceous normal faults have also been
inferred in the Scythian Platform from seismic reflection profiles
(Fig. 1A; Finetti et al., 1988; Khriachtchevskaia et al., 2010), and in
southwestern Crimea from our structural analysis. Flat detachment
faults may link these structures (Fig. 1B). The break-away fault of this
detachment, that defines the boundary of the Black Sea rift, should be
located at the northern margin of the Karkinit Trough (b in Fig. 1B).

It is possible that the low-angle upper-crustal detachment at the
northern margin of the Karkinit Trough (b in Fig. 1B) connects with the
deeper detachment on the top of the lower crust at the continental
margin of the Western Black Sea Basin (a in Fig. 1B). Southward, it can
be traced to the crustal base (Moho) of the Western Black Sea Basin, at
~20km depth. Formation of pairs of localized and conjugate shear
zones, one in the upper crust and one in the lower crust-upper mantle, is
very typical for the rifting of deep magma poor margins (Lavier and
Manatschal, 2006). The Black Sea Basin is one of examples of such deep
basins. The processes that weaken the lithosphere during rifting involve
attenuation of the upper-middle crust (mid-crustal weakening) in the
initial stage of rifting, and serpentinization of the lower crust-upper
mantle leading to the formation of detachment surfaces (Lavier and
Manatschal, 2006; Péron-Pinvidic and Manatschal, 2009). On Fig. 1B,
the faults mapped in southwestern Crimea can be projected im-
mediately north of fault a.

Our fault kinematic study also provides new information on the
geodynamics of the Black Sea Basin. The NE-SW trend of extension, that
was determined from inversion of fault slip data, is perpendicular to the
main crustal structures of the Black Sea including the mid-Black Sea
High, the Eastern Black Sea Basin, the Shatsky ridge, Tuapse trough and
the Sinop Trough (Fig. 1). In the central part of the conjugate margin of
the Black Sea Basin, in Turkey, the analysis of Cretaceous normal
faulting revealed similar graben structures and trends of extension
(Figs. 11 and 12; Hippolyte et al., 2016). In this area (between Boyabat
and Sinop) the main extensional deformation occurred during the Early
Cretaceous with the deposition of clastic sediments characterized, like
in Crimea, by limestone olistoliths and debris flow intercalations
(Fig. 11). That normal block faulting occurred at the same time on the
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Boyabat Basin J

urassic limestone

Fig. 11. Early Cretaceous graben structures on the opposite margin of the Black Sea Basin
in Turkey (Boyabat basin; UTM36 654100E-4604900N, modified from Hippolyte et al.,
2016). Like in Crimea, Early Cretaceous graben structures in the Jurassic limestone are
filled with clay and sandstones with intercalations of debris flow deposits and olistoliths.
Extensional stress was trending NE-SW.

] e i

Fig. 12. Model of Black Sea opening taking into account the Early Cretaceous trends of
extension. We used the top of Cretaceous depth data of Tugolesov et al. (1985) to illus-
trate the structure of the Black Sea Basin. Double arrows show the trend of extension
during rifting from this work, and from Hippolyte (2002) in Romania, and Hippolyte et al.
(2016) in Turkey. Small curved arrows in the Pontides show sites where Meijers et al.
(2010a,b) measured rotations from Late Cretaceous rocks. Sinistral transform faults in the
Eastern Black Sea Basin are from Shillington et al. (2009). The dextral transform fault
along the western margin of the Black Sea Basin is the West Black Sea fault (Okay et al.,
1994; Robinson et al., 1996). Large curved arrows in yellow indicate the directions of
opening. IAES-Izmir-Ankara-Erzincan Suture (modified from Okay and Tiiysiiz, 1999;
Pourteau et al., 2010); KB-Kirsehir block; ATB-Anatolide-Tauride block.

We propose that the Black Sea Basin results from a clockwise opening of the Eastern Black
Sea Basin and a counterclockwise opening of the Western Black Sea Basin along transform
faults at the eastern and at it western edges. They take into account the paleomagnetism
data and syn-rift trends of extension. They are in agreement with the wedge-shaped
geometry of the western and eastern sub-basins and the concave shape of the Neo
-Tethys suture. The proposed mechanism is for the Valanginian to Early Campanian
period. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

presently separated margins of the Black Sea Basin, and that the trend
of extension was normal to the crustal structures of this basin, supports
the interpretation that the Early Cretaceous normal extension is related
to the rifting of the Black Sea Basin (Hippolyte et al., 2010, 2016).
Our stratigraphic and tectonic analyses allow constraining the age
of the syn-rift and post rift sequences of this basin. The onset of rifting
was characterized by the breakup of the Jurassic carbonate platform
(Gortir, 1988). Therefore, the syn-rift sequence may include material
originating from the faults scarp or from the uplifted flanks of the rift.
In northern Turkey, the only Cretaceous stratigraphic sequence that
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contains olistoliths and clasts of Jurassic limestone is the Early Cre-
taceous Caglayan Group, which mainly consists of siliciclastic deposits
of Hauterivian-Late Albian age (Fig. 11; Hippolyte et al., 2010). In
Crimea, the only Cretaceous series that contain olistoliths and clasts of
Jurassic limestone also consists of siliciclastic units of Valanginian to
Late Albian age. The siliciclastic material of these similar formations
may have been sourced directly by the Ukrainian shield (Okay et al.,
2013), or by the erosion of the Triassic-Liassic Tauric flysch, which is
present in Crimea (Fig. 2). In both cases, it supports the idea of rift flank
uplift and erosion during the Early Cretaceous. Moreover, the Early
Cretaceous is the only period characterized by widespread extensional
faulting in Crimea (Figs. 4-9) and in northern Turkey (Fig. 11). We
conclude that there was only one rifting event in the Black Sea area,
which occurred from the Valanginian to Late Albian. In northern
Turkey, we identified minor extensional deformation postdating the
rifting, and occurring from the Santonian to the Paleocene (Hippolyte
et al., 2016, 2017). Considering that it characterizes the drifted blocks
(present Pontides), we attribute this minor deformation to an exten-
sional state of stress that occurred during and after their drifting.

Major changes in sedimentation occurred along both the southern
and northern margins of Black Sea at the proposed syn-rift/post rift
transition. They include the end of siliciclastic supply in the Early
Cretaceous basins (Goriir et al., 1993), and the end of olistolith de-
position. Both changes can be explained by the end of block faulting
and fault scarp erosion. However, if the source of the Early Cretaceous
siliciclastic material was not the Tauric Complex, but directly the East
European Craton as proposed by Okay et al. (2013), the first change can
also be explained by the onset of drifting which disconnected the Early
Cretaceous grabens of Turkey from their northern siliciclastic source.
Note that post-rift subsidence and transgression can also be the cause
for the end of erosion and siliciclastic supply along the northern Black
Sea margin.

In any case, in Crimea, the end of rifting can be dated to the Late
Albian by structural analysis. The Albian-Cenomanian unconformity is
clearly the break-up unconformity because it separates the block
faulted series from the Late Cretaceous sequence. In the Pontides, the
major change in sedimentation and the major Cretaceous unconformity
are also between the Early Cretaceous siliciclastic sequence and the
Late Cretaceous sequence (Goriir et al., 1993). Like in Crimea, the Mid-
Cretaceous break-up unconformity postdates Early Cretaceous exten-
sional block faulting (Hippolyte et al., 2010, 2016). However, its age
cannot be determined as accurately as in Crimea because part of the
stratigraphic sequence is missing along this angular unconformity. The
fact, Late Cretaceous post-rift subsidence occurred along the southern
Black Sea coast, was first noted by Goriir et al. (1993). This author
dated the break-up unconformity to be Late Cenomanian based on
foraminifera. However, nannoplankton assemblages later showed that
the uppermost synrift sediments are of Late Albian age (Hippolyte et al.,
2010). In the central part of the Turkish coast (Zonguldak area), the
onset of deposition of the unconformable post-rift sediments varies
from Middle Turonian (Derekdy Formation; Tokay, 1952; Tiiysiiz et al.,
2012) to Coniacian (Kapanbogazi Formation; Ketin and Giimiis, 1963;
Hippolyte et al., 2010). We believe that the age of the transgression
varies because this area was uplifted after a mid-Cretaceous continental
accretion (Okay et al., 2006). Anyway, an Albian-Cenomanian age for
the break-up unconformity is also compatible with the stratigraphy and
structures of the Pontides. In contrast, we could not correlate the
Middle Santonian unconformity defined by Tiiysiiz et al. (2012) with
tectonic deformation in Turkey, nor in Crimea. When defined by
structural analysis and sedimentary changes, the break-up un-
conformity of the Black Sea Basin occurred clearly between the Albian
and the Cenomanian.

The Late Cretaceous drifting probably finished during the Early
Campanian, when Cretaceous volcanic activity ended all along the
Pontides (Hippolyte et al., 2017), and when subduction jumped to the
south of the Anatolide-Tauride-South Armenian microplate at c. 80 Ma
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(Rolland et al., 2012). If much of the oceanic crust formed from the
Early Cenomanian to the Early Campanian, it can explain why there are
no magnetic stripes in the Black Sea, as noted by Graham et al. (2013).
Oceanic crust may have mainly formed during the abnormally long
Cretaceous Superchron (C34) of normal polarity (Aptian to Early
Campanian).

In this study, we found that the Black Sea rifting was followed by
two main contractional events (Fig. 10). The oldest compression is
characterized by its NE-SW trend. A similar trend of compression was
identified by Saintot et al. (1998) and correlated to a Late Eocene
folding event in the Greater Caucasus. The 3-D view of Fig. 9 shows that
in southwestern Crimea it created a NW-trending gentle anticline. In
Crimea, we can date this event because the folded sequence includes
the Paleocene and is unconformably overlain by the Eocene (Fig. 3). We
infer that the NE-SW compression occurred at the Paleocene-Eocene
transition. In the Pontides, the stratigraphic dating of syn-compres-
sional basins and apatite fission-track data showed that contraction
related to collisions along the southern margin of Eurasia started during
the earliest Eocene at ca. 55 Ma. (Kaymakci et al., 2003b, 2009;
Hippolyte et al., 2010; Espurt et al., 2014). Therefore, an Early Eocene
age for the NE-SW compression and the inversion of the extensional
structures mapped in Crimea is compatible with the timing of collisions
along the southern margin of Eurasia.

This NE-SW compression can explain offshore structures like a
southwestern vergent thrusting or subduction identified within the
Western Black Sea Basin (Kaymakci et al., 2014). The southern margin
of the mid-Black Sea High might also have been under contraction at
this time.

This NE-trending compressional event was followed by NW-
trending compressional forces that are still active (Angelier et al., 1994;
Saintot et al., 1998; Saintot and Angelier, 2000; Gintov, 2005;
Gobarenko et al., 2016; Murovskaya et al., 2016). Some NW-trending
normal faults were reactivated with dextral sense like at sites Var2, Gas
(Fig. 5A; 7D). We found that at site Geor (Cape Fiolent), the NE-dipping
Georgievskyy normal fault (Fig. 3) was also reactivated with a dextral
sense (cf. diagram Geor in Fig. 10B). Along this fault, we could observe
dextral striations in the Sarmatian (Middle Miocene) limestone, which
confirms the recent age of the SE-trending compression (Fig. 10). The
Sarmatian marine limestone occurs at more than 1000 m elevation in
the Chatydag Plateau (e.g. Nikishin et al., 2017) which shows that the
NW-trending compression is the main shortening event that produced
the present Crimean Mountains.

6. Model of Black Sea opening based on fault kinematics

Our fault kinematic analysis on the two margins of the Black Sea
Basin brings new constraints for the models of Black Sea opening. Most
of the conceptual models invoke a southward drift of a continental
block with sinistral motion along the mid-Black Sea High for opening
the Western Black Sea Basin (Robinson et al., 1996; Cloetingh et al.,
2003; Yegorova and Gobarenko, 2010; Graham et al., 2013). A NW-SE
trend of the Cretaceous extension along the Romanian coast (Hippolyte,
2002) agrees with this direction of opening (Fig. 12). However, the
kinematic analyses in Crimea and in Turkey (Hippolyte et al., 2016),
indicate NE-SW extension (Figs. 3 and 11). This trend of extension is
perpendicular to the southern margin of the mid-Black Sea High. It
suggests that rifting was not oblique along the mid-Black Sea High, or
along the Sinop Trough. If drifting occurred with the same direction as
rifting, this may indicate that there was no sinistral slip along the
southern margin of the mid-Black Sea High during the southward
opening of Western Black Sea Basin. Although this trend was not pre-
dicted by some models for the Western Black Sea Basin, it agrees with
the models that invoke a clockwise rotation of the mid-Black Sea High
along NE-trending transform faults (e.g. Robinson et al., 1996;
Shillington et al., 2009).

Fig. 12 summarizes the trends of extension related to the Early
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Cretaceous rifting around the Black Sea Basin, the transform faults, and
the paleomagnetism data in the Pontides. Under the assumption that
drifting occurred in the same direction that rifting, we propose a model
of opening that takes into account: (1) the clockwise rotation of the
mid-Black Sea High with sinistral transform faults along the eastern
border of the Eastern Black Sea Basin (e.g. Robinson et al., 1996;
Shillington et al., 2009); (2) the conclusion that there is no transform
faults in the middle of the Western Black Sea Basin (Graham et al.,
2013); (3) the probable dextral transform faults along the western
margin of the Black Sea Basin as proposed by Okay et al. (1994),
Robinson et al. (1996) and Nikishin et al. (2003, 2011); (4) the or-
ientations of paleostresses in Crimea and in the Pontides that do not
support a strike slip motion along the southern edge of mid-Black Sea
High; (5) the differences in extensional stress orientations around the
Black Sea Basin (double arrows); (6) the counterclockwise rotation (in
the west) and clockwise rotation (in the east) measured from Late
Cretaceous rocks along the southern margin of the Black Sea (Meijers
et al., 2010a). These block rotations revealed by paleomagnetism stu-
dies were interpreted as related to the oroclinal bending of the Central
Pontides (Meijers et al., 2010a). But taking into account that: (1) ex-
tensional stress field lasted until the Late Paleocene in the Pontides
(Hippolyte et al., 2016); (2) there is no rotation detected in the Pa-
leocene or Eocene units (Meijers et al., 2010a), which were deposited
before and during the main shortening events (Espurt et al., 2014), (3)
ten out of the eleven validated Late Cretaceous paleomagnetic sites are
in Coniacian-Santonian rocks; we infer that at least part of the rotations
could be related to the Late Cretaceous opening of the Black Sea Basin.

Following the analogue models of asymmetric trench retreat and
back arc rift structures of Schellart et al. (2002) and Stephenson and
Schellart (2010), we propose that the back arc opening of the Black Sea
Basin was driven by two asymmetric slab rollbacks of the Neo-Tethys
northward subducting plate. In our model, the clockwise opening of the
Eastern Black Sea Basin and the counterclockwise opening of the
Western Black Sea Basin (Fig. 12) results from these two asymmetric
trench retreats along the southern margin of Eurasia. Transform faults
of the Black Sea Basin are only located at the eastern and at the western
edges of this basin. Slower slab roll back in the middle of the trench
might have been caused by the arrival of asperities in the middle of the
retreating subduction zone, like the oceanic volcanic arcs that collided
during the Late Albian in the middle of the Pontides (Okay et al., 2006).
The wedge-shaped geometry of the western and eastern sub-basins and
the concave shape of the Neo-Tethys suture could be partly attributed
to this mechanism of back-arc opening (Figs. 1 and 12).

7. Conclusions

The Crimean Mountains include a portion of the Black Sea margin
that has been inverted during the Cenozoic. Our study provides a new
mapping and a fault kinematic analysis of graben structures in Crimea.
It is in the western part of the Crimean Mountains that we could map an
array of collinear normal faults. These faults trend parallel to the crustal
structures of the Black Sea Basin and are situated close to its northern
continental margin. Fault chronology indicates that extension predates
the Cenozoic shortening events. We confirm that the occurrence of
olistoliths and debris flow deposits in Crimea is related to extensional
block faulting (e.g. Nikishin et al., 2017). Nannoplankton assemblages
from the syn-rift sequence allow the dating of the extensional event to
the Valanginian to Late Albian.

On the opposite margin of the Black Sea, in the Pontides, intense
extensional faulting, and olistolith emplacement, were also dated of the
Early Cretaceous (Hauterivian-Albian; Hippolyte et al., 2016). Given
the fact that extensional structures are presents on the two conjugate
margins of the Black Sea, and that the trends of extension are normal to
the crustal structures, we infer that the Early Cretaceous extension is
related to the rifting phase of this basin. This conclusion is also sup-
ported by the crustal structure of the Western Black Sea Basin which
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suggests that the normal faults of Crimea connect to low-angle crustal
detachments (Fig. 1B).

Structural analysis in Crimea reveals a single rifting event. In the
Pontides, minor extensional deformation also occurred after the Early
Cretaceous rifting. We conclude that the rifting of the Black Sea Basin
occurred from the Valanginian to Late Albian, lasted about 39 Ma, and
that extensional stresses lasted during Late Cretaceous and Paleocene in
the drifted blocks. This age of rifting, based on fault study, is close to
some ages proposed based on stratigraphic studies (e.g. Finetti et al.,
1988; Goriir, 1988; Goriir et al.,, 1993; Okay et al., 1994; Robinson
et al., 1995; Nikishin et al., 2008, 2011; Vincent et al., 2016, 2018).

Following Nikishin et al. (2017), we interpret the unconformity
between the Albian and the Cenomanian deposits, which separates the
faulted terrigenous deposits of Crimea from the non-faulted Late Cre-
taceous carbonates, as the break-up unconformity of the Black Sea
Basin. In northern Turkey, we also dated the main unconformity in the
Cretaceous sequence to latest Albian (Hippolyte et al., 2010, 2017). We
infer that this unconformity may also separate the syn-rift sequence
from the post-rift sequence in the Black Sea.

Drifting mainly occurred from the Cenomanian to the Early
Campanian, contemporaneously with intense volcanic activity along
the Pontides volcanic arc in Turkey. The stress pattern of Crimea and
Turkey do not confirm a sinistral slip along the southern margin of the
mid-Black Sea High during the opening of the Western Black Sea Basin.
We propose a model where the Black Sea opened as a consequence of
two asymmetric trench retreats of the Neo-Tethys subduction. This
model takes into account the transform faults at the western and the
eastern margins of the Black Sea Basin, the paleomagnetic data, and the
paleostress patterns provided by this study.

Two successive directions of shortening are responsible for the uplift
of the Crimean Mountains. The onset of compression is at the
Paleocene-Eocene transition, like in the Pontides (Turkey). This coin-
cidence of timing suggests that the compressional deformation along
the northern margin of the Black Sea results from the continental col-
lisions that occurred to the south of the Black Sea with transmission of
the compressional stresses through the cold lithosphere of the Black Sea
Basin (Fig. 1).
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