Turkish J Earth Sci
(2020) 29: 28-63

© TUBITAK
doi:10.3906/yer-1907-7

Turkish Journal of Earth Sciences

http://journals.tubitak.gov.tr/earth/

Research Article

TUBITAK

Biostratigraphy and paleoenvironments of the Oligocene succession
(ihsaniye Formation) at Karaburun (NW Turkey)

Michael D. SIMMONS"**(®, Michael D. BIDGOOD’ @, Paul G. CONNELL"®, Stjepan CORIC’©®,
Aral 1. OKAY’®, David SHAW’ @, Emilia TULAN®®, Jan MAYER’®, Gabor C. TARI"’
"The Natural History Museum, London, UK
2Halliburton, Milton Park, Abingdon, UK
’GSS (Geoscience) Ltd, Oldmeldrum, Aberdeenshire, UK
*8 Leslie Crescent, Aberdeenshire, UK
5Geological Survey of Austria, Vienna, Austria
®Eurasia Institute of Earth Sciences, Istanbul Technical University, Istanbul, Turkey

7Biostratigraphic Associates (UK) Ltd, Stoke on Trent, UK

*Montanuniversitaet Leoben, Leoben, Austria

’OMV New Zealand Ltd, Wellington, New Zealand

Yomv Exploration & Production GmbH, Vienna, Austria

Received: 04.07.2019 @  Accepted/Published Online: 04.09.2019 e  Final Version: 02.01.2020

Abstract: The biostratigraphy and paleoenvironments of the Thsaniye Formation exposed at Karaburun in northwest Turkey is described
based upon the study of abundant and well-preserved foraminifera, calcareous nannofossils and palynomorphs. The studied succession is
Early Oligocene in age, with calcareous nannofossil zones upper NP21 (Subzone CNO1) to lower NP23 (Subzone CNO3) and planktonic
foraminifera zones O1 (~P18) and O2 (~P19) represented, and palynological assemblages suggestive of zones D13 to D14a. Based on these
new data, a revised interpretation of the stratigraphic succession is presented. Deposition was controlled by a now inverted normal fault,
with deposition of older stratigraphy (upper NP21 to NP22) restricted to the original hanging wall. During NP23, deposition commenced
on the footwall, resulting in progressive onlap of an exposed Eocene reefal limestone (Sogucak Formation). Three primary sedimentary
facies are present: marls with thin calcareous siltstones, marls with synsedimentary slumps and debris flows, and coarse pebbly sandstones.
The coarse pebbly sandstones were deposited in a fan-delta/shoreface paleoenvironment and represent the initial phase of onlap during
biozone NP23 onto a rocky shoreline on the footwall side of the fault. The marl-dominated facies represent deposition in outer shelf-upper
bathyal environments. The succession demonstrates evidence for a near-end Eocene relative sea-level fall. Changes in the abundance of
planktonic foraminifera and the onlap onto the footwall demonstrate maximum subsequent transgression within NP23. This reflects eustasy
rather than Paratethyan relative sea-level. No interpretation of sea-water salinity reduction can be made for the sediments deposited during
biozone NP23 in the studied sections, although this is noted in coeval sediments in parts of Paratethys (the “Solenovian Event”). Together
with the open marine nature of the diverse and abundant fossil assemblages, it is suggested that deposition of the Karaburun section was
strongly influenced by a connection to the global ocean, via the Catalca Gap, as suggested in a recent study.
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1. Introduction
The town of Karaburun is located on the Black Sea coast of

elucidate because the section is interrupted by a major
fault (a now inverted normal fault that had an evidently

Turkey approximately 60 km to the northwest of Istanbul
(Figure 1). North of the town is a prominent cape formed
by Late Eocene reefal limestones of the Sogucak Formation
(Figure 2). To the south and west of the cape, a section can
be followed, mostly at beach level, of marls, coarse pebbly
sandstones and debris flows, assigned to the Thsaniye
Formation (Figures 2-6). The correct stratigraphic order
of the facies present requires biostratigraphic control to
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significant control on deposition). To the south of the
major fault is a 70-m thick succession (“Hanging Wall
Section”), consisting mostly of marls, but with slumps and
debris flows in its upper part (Figure 6). Gentle dips mean
that this part of the succession is exposed over a section
approximately 1.5 km in length. To the east and north of the
fault (“Footwall Section”) are pebbly sandstones and marls
that onlap the reefal limestones of the Sogucak Formation

This work is licensed under a Creative Commons Attribution 4.0 International License.
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Figure 1. Location of Karaburun in relation to Thrace Basin, Strandja Massif, and Catalca Gap aligned along West Black Sea Fault.

Geological map after Okay et al. (2001).

and are exposed in a series of coves and on the hillside of
the cape (Figures 3 and 4). A further transpressional fault
is thought to interrupt the succession (Figure 2) but the
stratigraphic series can still be followed.

A primary objective of this research has been to use the
well-preserved and often abundant and diverse assemblages
of calcareous nannoplankton, foraminifera, and
palynomorphs to determine the detailed biostratigraphy
and age calibration of the fhsaniye Formation. Previous
studies have been limited to a few samples, mostly from
the lower part of the formation (Saking, 1994; Less et
al., 2011; Okay et al, 2019). Additionally, the diverse
assemblages of microfossils present assist in determining
the paleobathymetry and depositional setting of the
Ihsaniye Formation at this location and the vertical
stratigraphic patterns or paleoenvironmental trends.

At the time of deposition, the studied outcrop was
located on the margins of Paratethys (Figure 7), the
semiisolated seaway formed at the end of the Eocene as
a result of orogenic uplift and eustatic sea-level fall (Rogl,
1999; Schultz et al., 2005; Popov et al., 2002, 2010; van
der Boon et al., 2018). Therefore, Oligocene deposition

in Paratethys reflects a period of dramatic geological
change, as apparent in the typical depositional successions
observed throughout the region (Ozsvart et al., 2016), not
least around the margins of the Black Sea (Sachsenhofer
et al., 2018). Here, in a rock unit often referred to as the
Maykop Suite, the succession often becomes clay- and
sand-dominated (as opposed to carbonate-dominated as
in the underlying Eocene succession) and often contains
a moderately high content of organic carbon, making it a
key potential source rock within the region (Bazhenova et
al., 2003; Sachsenhofer et al., 2017, 2018; Gavrilov et al,,
2017). Sandstones within the Maykop Suite succession
also have potential as hydrocarbon reservoirs (Tari et al.,
2009, 2011; Rees et al., 2018; Simmons et al., 2018; Tari
and Simmons, 2018). Consequently, the stratigraphic and
paleoenvironmental description of the Thsaniye Formation
which is a lateral equivalent of the Maykop Suite enables
an improved understanding of the regional depositional
framework of Oligocene sediments in Paratethys with
an impact for predicting both source rocks (Tulan et al.,
2020) and reservoirs (Rees et al., 2018) of this age in the
Black Sea depocenter. Note that the Thsaniye Formation

29



SIMMONS et al. / Turkish J Earth Sci

. . Poorly consolidated sandstone . . Marl, calcareous siltstone, debris
Quaternary Sand Late Miocene - Pliocene Tpl Belgrad Formation Early Oligocene flows - Ihsaniye Formation

. Pebbl 1 1 1 thi 1 hall i i fal
Early Oligocenc - ebbly sandstones, conglomerates and thin marls Late Eocene - Shallow marine, massive reefal i Line of cross-section

and siltstones - Thsaniye Formation

limestone - Sogucak Formation

Figure 2. Geological map and cross-section of the Karaburun region showing the location of the studied sections (revised after Okay et
al.,, 2019). Revisions account for the biostratigraphic data reported herein. The fault toward the north of Cape Karaburun is conjectural,

but is necessary to explain the stratigraphy present.

at Karaburun is mostly marly (as opposed to purely
siliciclastic) and contains a fully open marine diverse fauna
with no evidence for restriction and only limited evidence
for bottom-water anoxia within its lower part. This might
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reflect a proximity to a global ocean marine connection to
the south through the Thrace Basin, as suggested by Okay
et al. (2019). An objective of this study was to investigate
additional evidence for and against such a connection.
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Figure 3. Overview of the studied sections looking south from Cape Karaburun. The Footwall Section is in the foreground with Early
Oligocene marls (Ihsaniye Formation) onlapping the eroded upper surface of the Sogucak Formation. The Hanging Wall Section is
visible in the distance with older Oligocene stratigraphy present as depicted in Figure 6. NP = standard nannoplankton biozone.

Eocene Limes

Figure 4. Biostratigraphic data summarised on outcrop photograph of the Footwall Section. NP = standard nannoplankton biozone.

2. Geological setting

The Karaburun region is located near the boundary of two
major structural elements: the Istanbul Zone in the east
and the Rhodope-Strandja Massif in the west (Figure 1).
These elements became juxtaposed in the Late Cretaceous.
The Istanbul Zone can be correlated with the Moesian

Platform and was displaced southward in the Late
Cretaceous along the West Black Sea Fault (Okay et al.,
1994). Upper Eocene shallow marine limestones that cover
both the Strandja Massif and the Istanbul Zone provide
an upper age limit for fault activity (Figure 8). The Late
Eocene marine transgression followed an important phase
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Oligocene Marls (NP23)

Figure 5. Biostratigraphic data summarized on outcrop photograph with Footwall Section in foreground and Hanging Wall Section
in background beyond the location of the inverted normal fault that controlled deposition of the Thsaniye Formation. NP = standard

nannoplankton biozone.

of Late Paleocene-Early Eocene uplift and erosion, related
to the collision between the Pontides and the Anatolide-
Tauride Block. Shallow marine Eocene limestones, locally
with a basal clastic unit, lie unconformably over older
units, including Carboniferous sandstones of the Istanbul
Zone and metamorphic and plutonic rocks of the Strandja
Massif (Varol et al., 2009; Less et al., 2011; Ozcan et al.,
2020; Okay et al., 2010, 2020).

Karaburun lies on the southern margin of the Western
Black Sea Basin that was formed during the Cretaceous.
The Strandja Massif separates this basin from the Thrace
Basin to the south. The inception and development of the
Thrace Basin (Figure 8), a siliciclastic-dominated basin
with more than 9 km of sediments within its central part,
occurred during the Eocene (Turgut et al., 1991; Goriir and
Okay, 1996; Siyako and Huvaz, 2007). During the Eocene
and Oligocene, the Strandja Massif formed a wide low-
relief ridge separating the two basins, as reflected in Late
Cretaceous apatite fission-track ages (Catto et al., 2017).
Therefore, although close to the Thrace Basin, the geology
of much of the Karaburun succession is quite distinct from
the age-equivalent successions deposited in the Thrace
Basin (Okay et al.,, 2019); in general, it has a more open
marine character. Comparison with subsurface sections in
the western Black Sea is hindered by the lack of published
descriptions.

Okay et al. (2019) demonstrated that for parts of Late
Eocene and Early Oligocene time, a marine connection
existed between the Thrace and Western Black Sea Basins,
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via the Catalca Gap west of Istanbul (Figures 1 and 7).
This lies along the damage zone of a major Cretaceous
West Black Sea strike-slip fault, forming a 15-km wide
gateway where carbonate-rich sediments with a maximum
thickness of about 350 m were deposited.

3. Regional stratigraphy

Both Thrace and the Karaburun regions have a common
shallow marine carbonate unit underlying the Oligocene
sequence. This is the Sogucak Formation (Figure 8), age-
calibrations by benthic foraminifera demonstrating that it
is diachronous within the Middle-Late Eocene, although
Priabonian in the Karaburun region (Ozcan et al., 2010,
2018; Less et al., 2011; Okay et al., 2019; Yiicel et al. 2020).
In the Thrace Basin, the Sogucak Formation is succeeded
by a relatively thick regressive siliciclastic sequence ranging
from Late Eocene to Early Oligocene in age (Figure 8). In
the central part of the Thrace Basin, the succession begins
with turbidites (Kesan and Ceylan formations) and passes
up into pro-delta shales with sandstones (Mezardere
Formation) (e.g., Siyako and Huvaz, 2007). Recent work
(Giirgey and Bati, 2018) demonstrates that the Mezardere
Formation is at least partly Early Oligocene in age and thus
age-equivalent to the [hsaniye Formation. These are in turn
overlain by continental sandstones and mudstones with
lignite horizons (Osmancik and Danismen formations).
Provenance studies indicate a source of clastic material
predominantly from the west and southwest from the
Rhodope Massif (Cavazza et al., 2013).
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Figure 6. Sedimentary log and sampling points of the Thsaniye Formation
within the Hanging Wall Section, Karaburun. NP = standard nannoplankton
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Figure 7. Simplified regional paleogeographic setting of the Early Oligocene of Eastern Paratethys, modified and synthesized after

various sources notably Popov et al. (2004).

The general stratigraphic sequence in the Karaburun
region also begins with the shallow marine Eocene
limestones of the Sogucak Formation; however, in contrast
to the succession in the Thrace Basin, these are overlain by a
90-m thick Early Oligocene succession comprising mostly
marls/carbonate siltstones (with synsedimentary slumps
and debris flows higher in the succession) and coarse
pebbly sandstones overlying an erosional unconformity
at the top of the Eocene limestone succession. It is this
succession that forms the focus of this study.

Within several papers, the Early Oligocene sequence at
Karaburun is attributed to the Ceylan Formation, a term
used in the Thrace Basin (e.g., Siyako and Huvaz, 2007;
Elmas, 2012; Natal'in and Say, 2015). However, the Ceylan
Formation in the Thrace Basin consists predominantly of
(Eocene) sandstone and shale and is thus an inappropriate
term, because the section at Karaburun is much more
calcareous and fine-grained (i.e. is mostly composed of
marls). The Geological Survey of Turkey (e.g., Yurtsever

and Caglayan, 2002; Gedik et al., 2014) used the term
Ihsaniye Formation for the sequence above the Sogucak
Formation in the Karaburun region, and that practice is
followed herein (see also Okay et al., 2019). This may be
a synonym for the term Karaburun Formation as used
by Lom et al. (2016) who described that unit as “Upper
Eocene-Lower Miocene” and overlying the Sogucak
Formation in the Karaburun region. Their brief description
matches some aspects of the [hsaniye Formation but might
include younger formations.

According to the information in the “Lithostratigraphic
Guide for the Thrace Region” (Siyako 2006), the Ceylan
Formation was first described and defined as the “Ceylan
Shale” by Unal (1967)' from Ceylan-1 well in northern
Thrace basin. Unal (1967) is a private Turkish Petroleum
internal report not available publicly. The log of the
Ceylan-1 well is also not published. Siyako (2006) states
that in Ceylan-1 well, the Ceylan Formation consists of 28
m of shale. In the “Lithostratigraphic Guide for the Thrace

! Unal OT (1967). The geology of Thrace and its petroleum potential. TPAO Arama Grubu Arsivi, unpublished technical report, 391

(in Turkish).
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Region” the type section of the Ceylan Formation is said to
be on the Gelibolu Peninsula between the village of Tayfur
and the Tayfur reservoir. The Tayfur section, as described
in d’Atri et al. (2012) under the name of Tayfur Formation,
consists of siltstone and shale with sandstone beds and
with one large slumped tuft horizon (section 2 in Figure 2).
The Lithostratigraphic Guide for the Thrace Region also
gives the road between Golciik and Sarkéy as a reference
section (Siyako 2006). The Golciik-Sarkoy section,
described in Okay et al. (2010) consists of sandstone and
shale with several mass flow horizons (olistostromes). In
contrast, the Thsaniye Formation, defined and mapped
by Geological Survey (MTA) geologists (Yurtsever &
Caglayan, 2002; Gedik et al., 2014) consists predominantly
of marl (90% of the formation) with minor limestone and
tuff. Thus, it is lithologically quite distinct from the Ceylan
Formation in its type and reference sections, and has a
distinct distribution in the Catalca Gap.

As noted by a number of authors, the succession
above the Sogucak Formation at Karaburun is unlikely
to be as old as Late Eocene, although the oldest Thsaniye
Formation in contact with the Sogucak Formation is not
exposed. Our data and that of Saking (1994), Less et al.
(2011) and Okay et al. (2019) suggest an Early Oligocene
age at Karaburun, although the [hsaniye Formation might
be latest Eocene within the Catalca Gap (Okay et al., 2019)
(Figure 8).

Tuffs within the Thsaniye Formation, which are rare
at Karaburun, but more common to the south and west
(Okay et al., 2019), are most likely the products of volcanic
activity in the western part of the Thrace Basin and
Rhodope Massif, where Lower Oligocene magmatic rocks
are widespread (Eleftheriadis and Lippold, 1984; Ercan et
al., 1988).

The Ihsaniye Formation is unconformably overlain
by continental mudstones and sandstones with lignite
horizons of Late Oligocene-Early Miocene age (Agagh
Formation: Nakoman, 1968; Gedik et al., 2014; Suc et al,,
2015) or (as in the case at Karaburun) by Late Miocene-
Pliocene poorly consolidated sandstones (Belgrad
Formation: Yurtsever and Caglayan, 2002; Gedik et al.,
2014).

Southwards, close to the town of Catalca, Thsaniye
Formation marls are replaced by mudstones and shales.
Close to the Catalca ridge forming the partial barrier
between the Thrace Basin and the Western Black Sea
Basin, lagoonal pebbly limestones and pebbly sandstones
occur, termed the Pinarhisar Formation (Figure 8). This
facies passes up into paper shales with fossil fish.

4. Previous work

The basic geology of the Karaburun region was first
described in detail by Erent6z (1949) and Akartuna (1953).
Geological maps of the region were published by Yurtsever

and Caglayan (2002), Duman et al. (2004) and Gedik et
al. (2014). Previous studies of the Ihsaniye Formation at
Karaburun include those of Oktay et al. (1992), Saking
(1994), Natal'in and Say (2015), and Okay et al. (2019).
Less et al. (2011) make minor mention of this unit (which
they term Ceylan Formation) within their study that
concentrated on the Sogucak Formation.

Quite different interpretations of the stratigraphic
succession within the Thsaniye Formation at Karaburun
have been given by previous workers. Saking (1994) and
Okay et al. (2019) placed the pebbly sandstones at the
base of the succession (i.e. directly overlying the Sogucak
Formation limestones); with the succession then passing
up into marls and eventually debris flows. The description
by Natal'in and Say (2015) is very different. They place the
distinctive beds of pebbly sandstones above the marls of the
Ihsaniye Formation (their Ceylan Formation) and regard
the top of the Sogucak Formation as a fault, while we and
others (Saking, 1994; Less et al., 2011; Okay et al., 2019)
consider it as an unconformity. Our work demonstrates
that without the benefit of precise biostratigraphic
control and an understanding of the importance of fault-
controlled deposition, no previous interpretation of the
stratigraphic succession is correct. We now recognize
a more complex pattern in which deposition of earliest
Oligocene marls is initially restricted to the hanging wall
of a now inverted major normal fault, with deposition
transgressing the footwall (and topographically highest
Eocene reef of the Sogucak Formation) later during the
Early Oligocene, initially with pebbly sandstone deposition
and subsequently with marl deposition (Figure 9).

5. Materials and methods

The collection of samples for study around Karaburun
followed two different strategies depending on location.
The approximately 70-m dominantly marly section
exposed along the beach to the west of the town and of
the major fault (the Hanging Wall Section) was logged in
terms of primary lithology changes and key sedimentary
features and systematically sampled, with sample spacing
approximating to every meter (Figure 6). Here, we
report on the biostratigraphic analyses employed on
these samples (foraminifera, calcareous nannofossils,
and palynomorphs). Detailed organic geochemistry and
strontium isotope analysis are reported elsewhere (Tulan
et al, in press.).

To the north and east of the fault, closer to the cape
(the Footwall Section), spot sampling took place with 30
samples collected from marls and marls within the pebbly
sandstone that onlap the Sogucak Formation. These were
analyzed for foraminifera and calcareous nannofossils.

In total, 100 samples were prepared for foraminiferal
analysis using the standard methodology described by
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orca.cf.ac.uk/15234/). The age of the stratigraphy around Karaburun is revised after the interpretations here; note the fault control on
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Basin stratigraphy.

Armstrong and Brasier (2005). To summarize, dissolution
in a 10% solution of hydrogen peroxide was undertaken,
and the residues dried and then concentrated using a
nest of sieves. Foraminifera (and ostracoda and other
miscellaneous microfossils) were then transferred to
slides for examination with a binocular microscope.
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15 additional samples of indurated rock (top Sogucak
Formation and cemented calcareous sandstones within
the [hsaniye Formation) were studied in thin section.

One hundred samples were investigated semi-
quantitatively for calcareous nannofossils. Smear slides
were prepared following standard procedures described
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by Perch-Nielsen (1985) and examined under a light
microscope (Leica DMLP) using cross and parallel nicols
with 1000x magnification.

Eighteen samples were prepared for palynological
analysis using the standard methods described by
Armstrong and Brasier (2005). Approximately 30 g of
cleaned and crushed sample was used for processing.
Standard HCI (20%) and HF (40%) chemical treatments
were sequentially used to dissolve the carbonate and
silicate content of the samples. Multiple resieving over
10-um mesh cloth, including rewarming in 20% HCI
to remove silico-fluoride precipitates, was performed.
The sample was then assessed to establish further
processing requirements (oxidation) to concentrate the
palynomorphs present (a split of the unoxidized kerogen
was taken at this time). Oxidation involved cold bathing
in concentrated nitric acid (70%) for between 2 and 5 min,
followed by further sieving and neutralization with water.
Further microscopic examination determined the amount
of ultrasonic treatment (between 5 and 15 s), which helped
to concentrate the palynomorphs further. Both unoxidized
and oxidized kerogen residues were separately mounted
onto a labelled glass slide and permanently glued using
Norland optical adhesive No. 63.

6. Outcrop description

6.1. Sogucak Formation

The fossiliferous limestones of the Sogucak Formation at
Karaburun are described in detail by Less et al. (2011).
A succession approximately 60-m thick is well exposed
within old quarries on Cape Karaburun to the north of
Karaburun town where thelimestones are massive to thickly
bedded, with some beds consisting of coral bioherms.
The occurrence of larger foraminifera (Heterostegina
gracilis, Spiroclypeus carpathicus, Asterocyclina stella)
enabled Less et al. (2011), Okay et al. (2019), and Yiicel
et al. (2020) to assign the succession to Standard Larger
Benthic Foraminifera Biozone (SBZ) 20 which suggests a
latest Eocene (late Priabonian) age (Serra-Kiel et al., 1998)
(Figure 10). In our material from the uppermost Sogucak
Formation at Cape Karaburun, we recorded Orbitolites sp.
(possibly Orbitolites complanatus), Linderina sp., possible
Praebullalveolina afyonica, and Idalina grelaudae, along
with rare orthophragmid foraminifera and globigerine
planktonic foraminifera (Figure 11). While the occurrence
of the named species is compatible with a Priabonian
age, Orbitolites is typically associated with biozones older
than SBZ20 (Jones and Racey, 1994; Serra-Kiel et al.,
1998, 2016), although was previously recorded (without
illustration) by Less et al. (2011) from the Sogucak
Formation at Karaburun. The foraminiferal assemblage
include both back-reef, lagoonal, components (large
miliolids, alveolinids, Orbitolites) and fauna more typical

of fore-reef communities (orthophragmids and planktonic
foraminifera) alongside reef-forming corals and coralline
red algae, suggesting strong syndepositional mixing.

The base of the Sogucak Formation is not exposed
but these limestones probably lie over Late Cretaceous
volcanic rocks that crop out further east along the coast
(Okay et al., 2019).

The upper surface of the limestones has a markedly
erosional profile, with marls of the overlying Ihsaniye
Formation infilling erosional depressions and pockets
(Figure 12a). In the upper part of the limestone succession,
a fissure (neptunian dyke) is infilled with material from
the overlying IThsaniye Formation indicating that the
limestones of the Sogucak Formation were lithified before
deposition of the fhsaniye Formation and is a further
indication of an unconformable contact between the
two units (Okay et al., 2019; Yiicel et al., in press). This
boundary is a very abrupt contact, and a hardground is
indicated by the presence of brownish iron oxide-rich
concretion on the uppermost surface of the Sogucak
Formation. Blocks of the Sogucak Formation are found
reworked in the overlying [hsaniye Formation.

6.2. Thsaniye Formation

In places, a thin (1 cm) poorly-sorted sandstone with
volcanic clasts plasters the upper surface of the Sogucak
limestones and is a poorly preserved deposit representing
initial Ihsaniye Formation deposition. In thin-section
angular quartz; lithics, chlorite, miliolid foraminifera, and
fragments of calcareous red algae are present.

In the Footwall Section there are two parts to the
Ihsaniye Formation (Figure 4):

(i) The lowest part comprises approximately 15 m of
medium bedded, mixed pebbly calcareous sandstones (or
“gravelstones”), siltstones, and calcarenites with rare thin
(<1 m) marl interbeds (Figure 12b). Overall this part of the
succession fines up so that the coarsest facies lie in the lower
approximately 5 m, where pebbly sandstones/gravelstones
predominate. Higher in the section, coarse sands with
only occasional pebbles occur. Grading (both normal and
reversed) (Figure 12¢) provides distinct bedding, but there
are few other sedimentary structures other than rare large
(meter-scale) cross-bedding. Imbrication and trace fossils
are absent. The clasts within the sandstones are mainly
rounded, black, gray, and dark-green basaltic andesite and
andesite reworked from the Late Cretaceous succession
with minor limestone reworked from the Sogucak
Formation. The volcanic clasts range in size from medium
sand up to 30 cm across; and in a few beds, the clasts are
densely packed such that the deposit might be termed a
matrix-supported conglomerate. Sogucak Formation
limestone clasts are less common but reach 1 m in size.
The sandstones consist of carbonate and lithic (volcanic
and volcaniclastic) grains with an abundance of bioclasts
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of Thsaniye Formation deposition at Karaburun during the Early

Figure 9. Summary of the stratigraphy and stratigraphic evolution
Oligocene based on the new biostratigraphic data reported herein.
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Figure 10. Late Eocene-Oligocene foraminiferal, calcareous
nannofossil, and dinocyst biozones and bioevents (in part after
Vanderberghe et al., 2012 and created using Timescale Creator
Pro and the datapacks therein).

including the larger foraminifera Nummulites (Nummulites
vascus and Nummulites bouillei - Saking, 1994; Less et al.,
2011 and our own observations). Interpretation of the
precise depositional setting of this sedimentary package
requires further detailed sedimentological studies, but the
facies present are reminiscent of fan-delta and shoreface
deposition (Wescott and Ethridge, 1990; Colmenero et
al., 1988; Marzo and Anadon, 1988; Rees et al., 2017) on a
steep rocky shoreline - slope (Nemec, 1990; Colella, 1988;
Sheppard, 2006). Presumably, further faults depositionally
proximal to the Karaburun location exposed Cretaceous
volcanics that were eroded and transported into this facies.
Overall, this represents a transgressive deposit grading up
into the offshore marls of the overlying facies.

(i) The pebbly sandstones quickly pass up into an
approximately 30 m succession of gray marls with thin
(typically approximately 5 cm) calcareous siltstone
interbeds (Figure 4), similar to the succession observed on
the hanging wall side of the fault. Although disturbed by a
likely transpressional fault, the geometry of the succession
clearly demonstrates that these marls onlap against the
eroded surface of the Sogucak Formation as exposed in
the high ground around Cape Karaburun (Figure 3).

On the hanging wall side of the fault there are also two
parts to the Thsaniye Formation (Figure 6):

(i) Approximately 40 m of marls (65%) and carbonate-
rich siltstone or fine sandstone (30-35%) with minor
debris flow horizons containing mainly blocks of the
Sogucak Formation. The marls weather to a light gray
color but can be dark gray when freshly exposed (Figure
12d). The siltstone and sandstone consist principally of
carbonate grains with an admixture of volcanic clasts.
Scoured bases, parallel lamination, and fining-up profiles
are typical of the sandstone beds (Figure 12e).

(iii) In the remaining 30+ m of the section, debris
flows and synsedimentary slumps and folding (Figure 12f)
become increasingly common. Debris flows have notable
erosional bases forming scours, and beds 5-m thick are
amalgamated such that much of the upper part of the
section is mostly debris flows with minor marl horizons.
Clasts within the debris flows include large (>1 m) angular
clasts of Sogucak Formation and of volcanic lithologies
reworked from the underlying Late Cretaceous succession.

7. Biostratigraphy

7.1. Calcareous nannoplankton

For all samples, except 39, 40, and 41 from the Hanging
Wall Section which might be tuffs, nannofossil recovery
was excellent, with a well-preserved and diverse flora
(Figure 13). This enabled the standard biozonation of
Martini (1971) to be utilized as modified by Agnini et al.
(2014) and Okada and Bukry (1980) (Figure 10).
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Figure 11. Larger foraminifera present in the uppermost Sogucak Formation exposed on Cape Karaburun. Scale bar (a) 1000 pm, (b)-
(d) 500 pm. (a) - (c) Orbitolites sp. (possibly Orbitolites complanatus), (d) Praebullalveolina afyonica? and Idalina grelaudae.

The following three nannofossil biozones could be
recognized in the studied material (Figure 14):

- Samples 1 to 22 (Hanging Wall Section): Biozone
NP21 (CNO1 Subzone)

- Samples 23 to 38 (Hanging Wall Section): Biozone
NP22 (CNO2)

- Samples 58 to 70 (Hanging Wall Section) and
all samples from the Footwall section of the Ihsaniye
Formation: Biozone NP23 (CNO3 Subzone)

7.1.1. Biozone NP21 (CNO1 Subzone)

This zone is defined as the interval between the last
(youngest) occurrence (LO) of Discoaster saipanensis
at its base and the LO of Coccolithus formosus at its top.
Based on the absence of D. saipanensis and Discoaster
barbadiensis and the presence of C. formosus in samples
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1 to 22, this part of the section can be assigned into
biozone NP21. This zone was recently subdivided by
Agnini et al. (2014) into CNE 21 (Helicosphaera compacta
Partial Range Zone) and CNOI1 (Ericsonia formosal
Clausiococcus  subdistichus Concurrent Range Zone).
CNE21 corresponds with the lower (Late Eocene) part of
NP21 and the lower Subzone CP16a (Okada and Bukry,
1980), whereas CNO1 corresponds with the upper (Early
Oligocene) part of NP21. A significant increase in the
abundance of Clausiococcus subdistichus defines the base
of CNOL. Samples 1 to 22 from the Hanging Wall Section
contain high percentages of C. subdistichus and can thus
be attributed to Subzone CNO1, the Early Oligocene part
of NP21.

All samples from this zone contain abundant, well-
preserved nannoplankton assemblages dominated
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Figure 12. Outcrops photographs from the Karaburun sections. (a) Erosional depression within the top Sogucak Formation infilled with
Early Oligocene marls of the Thsaniye Formation, northern Cape Karaburun corresponding to section 1590 in Okay et al. (2019); (b)
Pebbly sandstone facies of the Thsaniye Formation, Footwall Section; (c) Possible reverse grading within the pebbly sandstone facies; (d)
Marl dominated part of the Thsaniye Formation, Hanging Wall Section. This is the oldest part of the Thsaniye Formation at Karaburun
assignable to calcareous nannoplankton zone upper NP21 and planktonic foraminiferal biozone O1. Organic carbon content is relatively
rich; (e) Erosively based calcareous sandstone within Thsaniye Formation, Hanging Wall Section; (f) Synsedimentary slumping and
folding within the upper part of the [hsaniye Formation, Hanging Wall Section.
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by Cyclicargolithus  floridanus and  Reticulofenestra
minuta. Occurring regularly are Blackites tenuis, C.
formosus, Coccolithus pelagicus, Dictycococcites bisectus,
Dictycococcites  hesslandi,  Pontosphaera  multipora,
Zygrhablithus bijugatus. Reticulofenestrids are present
with regular occurrences of Reticulofenestra dictyoda,
Reticulofenestra  hillae, Reticulofenestra lockeri, and
Reticulofenestra umbilicus. The genus Helicosphaera is
represented by Helicosphaera bramlettei, Helicosphaera
compacta, Helicosphaera euphratis, and Helicosphaera
reticulata. Rare discoasters are present including
Discoaster deflandrei, Discoaster tanii, Discoaster nodifer,
and Discoaster ornatus. Sphenoliths include regular
Sphenolithus moriformis, Sphenolithus predistentus, and
rare Sphenolithus tribulosus (First (oldest) occurrence
(FO) in NP21). Minor components of the nannofossil
assemblage include Coccolithus eopelagicus, Holodiscolithus
macroporus, Lanternithus minutus, Pontosphaera minuta,
and Pontosphaera pygmaea.

7.1.2. Biozone NP22 (CNO2)

This zone is defined as the interval between the LO of C.
formosus at its base and the LO of R. umbilicus at its top.
Based on the absence of C. formosus and the presence of
R. umbilicus in samples 23 to 38 from the Hanging Wall
Section, this part of the section can be assigned to biozone
NP22, which correlates to Zone CNO2 of Agnini et al.
(2014) and Zone CP16c of Okada and Bukry (1980). The
FO of Helicosphaera recta is observed in sample 34. This
large size helicolith with two large openings in the central
area has its FO within NP22.

Assemblages from this zone are very similar to those of
NP21 with the dominance of R. minuta and C. floridanus.
The following taxa occur regularly: B. tenuis, C. pelagicus,
C. subdistichus, D. bisectus, D. hesslandi, helicoliths (H.
bramlettei, H. compacta, and H. euphratis), P. multipora,
R. dictyoda, R. hillae, R. lockeri, S. moriformis, and Z.
bijugatus. Isthmolithus recurvus which has a LO within
NP22, was observed in samples 25 and 31. Discoasters are
less common than in Zone NP21, but the same species are
present.

7.1.3. Biozone NP23 (CNO3 Subzone)

This zone is defined as the interval between the LO
of R. umbilicus at its base and the FO of Sphenolithus
ciperoensis at its top. Based on the absence of both these
zonal markers and an abundance of C. floridanus, samples
58 to 70 in the Hanging Wall Section and all samples of
the Thsaniye Formation from the footwall section can be
attributed to biozone NP23. This zone was subdivided into
CNO3 (Dictyococcites bisectus Partial Range Zone) and
CNO4 (Sphenolithus distentus/Sphenolithus predistentus
Concurrent Range Zone) by Agnini et al. (2014).
The boundary between them is marked by the FO of
Sphenolithus distentus. This taxon does not occur in any
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of the studied samples; therefore, this part of the section is
assigned to the lower part NP23, Subzone CNO3.

Most samples contain abundant, well-preserved
calcareous nannoplankton assemblages dominated by
C. floridanus and R. minuta. The following taxa occur
regularly: B. tenuis, C. pelagicus, D. bisectus, D. hesslandi,
Lanternithus minutus, P. multipora, S. moriformis, S.
predistentus, and Z. bijugatus. Discoasters are very rare,
but are presented by the same species that occur lower
within the section. Helicoliths are present including H.
bramlettei, H. compacta, H. euphratis and H. recta. Of
note is the presence of Helicosphaera obliqua and H. perch-
nielseniae, which have their FO within NP23.

7.2. Foraminifera

For all but three (?tuffaceous) samples, microfossil recovery
and preservation was exceptionally good (Figure 15). In
many cases samples were significantly overpicked (i.e.
many more than 301 specimens were extracted) simply
because the washed residues were so rich in microfossils.
Diversity of the assemblages present is exceptional with
more than 360 individual taxa recorded.

The vast majority of samples contain abundant
planktonic foraminifera comprising between 24% and
85% of the total foraminiferal assemblage, with an average
value of approximately 52% (Figure 14). The planktonic
foraminifera exhibited a distinct Oligocene aspect, with
the assemblages being overwhelmingly dominated by
non-keeled “globigerinid” forms typical of that period.
The assemblages present allowed the standard planktonic
foraminiferal biozonation of Wade et al. (2011) to be
utilized (Figures 10 and 14).

The following two planktonic foraminiferal biozones
could be recognized within the Hanging Wall Section:

- samples 1 to 49: Biozone O1

- samples 48 to 70: Biozone O2

Note that sample numbering does not follow strict
numeric order (Figures 6 and 14). For example, sample 48
lies above sample 49.

Footwall section samples lacked taxa that permit
assignment to a specific biozone, but are of Early Oligocene
aspect (see subsequent discussion). Previous workers have
identified the larger foraminifera N. vascus and N. bouillei
with the pebbly sandstone facies (Saking, 1994; Less et
al., 2011) indicating that these sediments can be assigned
to SBZ 21/22 of Cahuzac and Poignant (1997), which, in
turn, indicates an Early Oligocene age (Figure 10). We
recognized N. bouillei in our samples from the Footwall
Section.

7.2.1. Biozone O1

Biozone Ol is defined as the interval between the LO
of Hantkenina alabamensis at its base and the LO of
Pseudohastigerina naguewichiensis at its top (Wade et al,,
2011). Based on the absence of H. alabamensis and other
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Figure 13. Key calcareous nannofossils from the [hsaniye Formation, Karaburun (10pm scale bar for Light Microscope figures; 5um for SEM figures.) 1: Dictyococcites bisectus
(Hay et al. 1966) Bukry and Percival 1971; Sample 49. 2: Dictyococcites hesslandii Haq 1971; Sample 49. 3: Reticulofenestra lockeri Miiller, 1970; Sample 9. 4: Cyclicargolithus
floridanus (Roth and Hay, in Hay et al., 1967) Bukry, 1971; Sample 49. 5: Sphenolithus predistentus Bramlette and Wilcoxon, 1967; Sample 49. 6: Reticulofenestra minuta Roth,
1970; Sample 49. 7: Clausicoccus subdistichus (Roth and Hay in Hay et al., 1967) Prins, 1979; Sample 9. 8, 9: Helicosphaera compacta Bramlette and Wilcoxon, 1967; Sample 9.
10: Helicosphaera bramlettei (Miiller, 1970) Jafar and Martini, 1975; Sample 49. 11, 12: Helicosphaera recta (Haq, 1966) Jafar and Martini, 1975; Sample 49. 13: Helicosphaera
reticulata Bramlette and Wilcoxon, 1967; Sample 9. 14: Orthozygus aureus (Stradner, 1962) Bramlette and Wilcoxon, 1967; Sample 49. 15: Helicosphaera euphratis Hag, 1966;
Sample 49. 16: Helicosphaera seminulum Bramlette and Sullivan, 1961; Sample 49. 17: Zygrhablithus bijugatus (Deflandre in Deflandre and Fert, 1954) Deflandre, 1959; Sample
9. 18: Coccolithus formosus (Kamptner, 1963) Wise, 1973; Sample 9.19: Pontosphaera latoculata (Bukry and Percival 1971) Perch-Nielsen 1984; Sample 9. 20: Reticulofenestra
umbilicus (Levin, 1965) Martini and Ritzkowski, 1968; Sample 9. 21: Reticulofenestra hillae Bukry and Percival, 1971; Sample 9. 22: Blackites spinosus (Deflandre and Fert, 1954)
Hay and Towe, 1962; Sample 49. 23: Clausicoccus subdistichus (Roth and Hay in Hay et al., 1967) Prins, 1979; Sample 7. 24: Helicosphaera compacta Bramlette and Wilcoxon,
1967; Sample 33. 25, 26: Cyclicargolithus floridanus (Roth and Hay, in Hay et al., 1967) Bukry, 1971; Sample 7. 27: Bramletteius serraculoides Gartner, 1969; Sample 7. 28:
Bramletteius serraculoides Gartner, 1969; Sample 9. 29: Coccolithus pelagicus (Wallich 1877) Schiller, 1930; Sample 7. 30: Pontosphaera multipora (Kamptner, 1948 ex Deflandre
in Deflandre and Fert, 1954) Roth, 1970; Sample 7. 31: Reticulofenestra lockeri Miiller, 1970; Sample 33. 32: Braarudosphaera bigelowii (Gran and Braarud 1935) Deflandre,
1947; Sample 7. 33: Coccolithus eopelagicus (Bramlette and Riedel, 1954) Bramlette and Sullivan, 1961; Sample 7. 34: Chiasmolithus altus Bukry and Percival, 1971; Sample 33.
35: Zygrhablithus bijugatus (Deflandre in Deflandre and Fert, 1954) Deflandre, 1959; sample 33. 36: Ascidian spicule; Sample 7.
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Eocenerestricted taxa, and the presence of Chiloguembelina
cubensis and P. naguewichiensis in samples 1 to 49, this
part of the Hanging Wall Section can be assigned to Zone
O1. The sporadic presence of Dentoglobigerina tapuriensis
(occurring as low as sample 2) suggests that the very lowest
part of the O1 Zone is not present in the studied section.
The position of the FO of this species is not fully agreed,
but Aze et al. (2011) and Stewart and Pearson (2000)?
place it a little above the base of the O1 Zone. In contrast,
Pearson and Wade (2015) have argued that the FO occurs
within the latest Eocene of Tanzania.

7.2.2. Biozone 02

Biozone O2 is defined as the interval between the LO of
P. naguewichiensis at its base and the LO of Turborotalia
ampliapertura at its top (Wade et al., 2011). Based on
the absence of P. naguewichiensis and the presence of T.
ampliapertura in samples 48 to 70, this part of the Hanging
Wall Section can be assigned to Zone O2. The absence of
Paragloborotalia opima also suggests that this section is no
younger than Zone O2. Berggren et al. (1995) placed the
FO of this species approximately 300,000 to 400,000 years
below the LO of T. ampliapertura, the marker species for
the top of the O2 Zone.

The presence of Turborotalia increbescens—recorded
only in the highest sample in the Hanging Wall Section
(sample 70)—is noteworthy. The LAD of this species is
placed at or close to the top of the O2 Biozone by Aze
et al. (2011) and Stewart and Pearson (2000). However,
in the recently published Atlas of Oligocene Planktonic
Foraminifera, the authors (Wade et al.,, 2018) show T.
increbescens as ranging only sporadically/rarely into the
lowermost part of biozone O2. We consider our specimens
(Figure 15; 10-12) to be very close to those illustrated for
T. increbescens by Wade et al. (2018; plate 14.3); therefore,
this latest information on the range of T. increbescens
might suggest that the interval at Karaburun represented
by samples 48 to 70 in the Hanging Wall Section might
encompass only the lowermost part of the O2 Biozone.

7.3. Palynology

Most of the samples yielded very high abundance
assemblages of variably poorly to well-preserved
palynomorphs (Figure 16). The assemblages generally
comprise high abundance and high diversity marine
dinocysts with microforam test linings. Additionally,
the miospore assemblages are generally of high
abundance, with a large number of bisaccate pollen
(including Pinuspollenites and Podocarpidites) derived
from hinterland conifers. Rare to common Taxodium
(swamp cypress) are derived from lowland swamps, as
are fern spores (Cyathidites, Laevigatosporites, Pteris, and
Verrucatosporites). Gramineae (grass pollen) are rare.

The angiosperm pollen Psilatricolporites is particularly
abundant in the lower part of the section (samples 1-17)
(Figure 14), although the parent plant affinity of this taxon
is uncertain. The freshwater alga Botryococcus is recorded
as rare to common from most of the samples. Fungal
spores and hyphae are generally common to very common.
The overall dinocyst assemblages indicate an Early
Oligocene age (see also Sancay and Bati, 2020).
Occurrences of rare specimens of Wetzeliella symmetrica
(samples 26, 30, 36, and 54) indicate an Early Oligocene
age, and specimens of Charlesdowniea clathrata (samples
19 and 68) indicate an age within the Early Oligocene to
Late Eocene. Chiropteridium lobospinosum is recorded in
some abundance in samples 54, 53, 61, and 68, and as rare
specimens from samples 45, 20, and 1. This taxon ranges
no older than Oligocene.

The dinocyst Enneadocysta pectiniformis is recorded
in variable abundance (rare to common/abundant) from
all the samples, and the related Enneadocysta arcuatum
is recorded from samples 1 to 68, also variably rare to
common/abundant. These taxa have a similar recorded
range of Middle Eocene to Early Oligocene (Stover et
al., 1996; Williams and Bujak, 1985), while Zaporozhets
and Akhmetiev (2017) record E. pectiniformis from the
Eocene to the end of the Early Oligocene in the Northern
Caucasus.

Zonal definition of the assemblages present is difficult,
although the interval of abundance of C. lobospinosum,
with associated E. arcuatum and E. pectiniformis (samples
68 to 54) provides good evidence for Zone D14a (Costa
and Manum, 1988; Vandenberghe et al., 2012; Powell,
1982), while the assemblages from the lower part of the
section (samples 58 to 1), which include Reticulatosphaera
actinocoronata and W. symmetrica, indicate a range
between zones D14a to D13 (Costa and Manum, 1988;
Vandenberghe et al., 2012; Powell, 1982) (Figures 10, 14).

Zaporozhets (1999) and Zaporozhets and Akhmetiev
(2017) described the palynology of the Middle Eocene-
Lower Miocene at the Belaya River, Northern Caucasus,
including an Early Oligocene section. While there are
similarities in the assemblages recorded, abundances
often differ and some taxa recorded at Karaburun are not
recorded at the Belaya River section and vice versa. This
mightbe in part because of paleoenvironmental differences
and differing taxonomic concepts. The Belaya River
section is the type section for the Maykop Suite (Popov
et al., 2019), where the succession is dominated by black
shales reflecting bottom-water anoxia in basinal conditions
that are episodically brackish (Sachsenhofer et al., 2017).
As discussed in the section on paleoenvironments, the
Karaburun section generally represents a mostly well-

* Stewart DRM, Pearson PN (2000). PLANKRANGE: A Database of Planktonic Foraminiferal Ranges http://palaco.gly.bris.ac.uk/Data/
plankrange.html. In PLANKRANGE: A Database of Planktonic Foraminiferal Ranges. University of Bristol. Updated 2002.
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Figure 15. Key foraminifera from the Hanging Wall Section, Thsaniye Formation, Karaburun. Scale bars are each 100 um unless otherwise stated.
1: Chiloguembelina cubensis (Palmer); sample 26. Scale bar = 50um. 2: Pseudohastigerina naguewichiensis (Myatliuk); sample 13. Scale bar = 50pum.
3: Pseudohastigerina naguewichiensis (Myatliuk); sample 13. Scale bar = 50um. 4: Dentoglobigerina tapuriensis (Blow and Banner); sample 21. 5:
Dentoglobigerina tapuriensis (Blow and Banner); sample 21 6: Turborotalia ampliapertura Bolli; sample 44. 7: Turborotalia ampliapertura Bolli; sample
44 8: Turborotalia ampliapertura Bolli; sample 44. 9: Dentoglobigerina tapuriensis (Blow and Banner); sample 21. 10: Turborotalia increbescens Bandy;
sample 70. 11: Turborotalia increbescens Bandy; sample 70. 12: Turborotalia increbescens Bandy; sample 70. 13: Frondicularia tenuissima Hantken; sample
12. 14: Rectuvigerina cf. clavata (Franzenau); sample 12. 15: Pararotalia lithothamnica (Uhlig); sample 69. 16: Oriodorsalis umbonatus (Reuss); sample
4. 17: Valvulineria complanata (d'Orbigny); sample 19. 18: Valvulineria complanata (dOrbigny); sample 19. 19: Baggina dentata Hagn; sample 4. 20:

Baggina dentata Hagn; sample 4. 21: Hoeglundina elegans (d'Orbigny); sample 18. 22: Ceratocancris haueri (d'Orbigny); sample 7. 23: Ceratocancris haueri
(d'Orbigny); sample 7.
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— 10 - scale bar = 10um
Figure 16. Representative palynomorphs from the Hanging Wall Section, Ihsaniye Formation,
Karaburun. 1: Charlesdowniea clathrata Sample 19. 2: Thalassiphora pelagica Sample 68. 3:
Enneadocysta pectiniformis Sample 54. 4: Homotryblium plectilum Sample 54. 5: Reticulatosphaera
actinocoronata Sample 58. 6: Spiniferites sp. Sample 68. 7: Chiropteridium lobospinosum Sample 54. 8:
Operculodinium sp. Sample 61. 9: Pinuspollenites sp. Sample 45. 10: Podocarpidites sp. Sample 45. 11:
Deflandrea phophoritica Sample 68. 12: Batiacasphaera sp. Sample 61.
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oxygenated outer shelf to slope succession. The Belaya
River section lies to the north of the Greater Caucasus
and was thus deposited in a basin separate from the Black
Sea Basin (Vincent and Kaye, 2018; Sachsenhofer et al.,
2017). This might also account for differences between the
palynological assemblages.

Giirgey and Bati (2018) recently described the
palynology of the Mezardere Formation in the Thrace
Basin. They used the presence of Glaphyrocysta ct. semitecta
and Wetzeliella gochtii to indicate an Early Oligocene age
(after Williams et al., 2004; Pross et al., 2010) and thus
age equivalence with the Thsaniye Formation. An interval
with common G. semitecta was observed within the lower
part of the Thsaniye Formation at Karaburun which lies
within the range NP21 to NP22, thus supporting their
age interpretation. W. gochtii was not noted in our study
and the genus Wetzeliella was rare, while it appears to
be abundant in the upper Mezardere Formation. This
might relate to a more coastal depositional position with
increased coastal sea surface productivity brought on by
sediment/nutrient runoff.

7.4. Integrated conclusions

All three biostratigraphic disciplines employed suggest that
the studied section can be biostratigraphically calibrated to
the Early Oligocene (Rupelian) (Figure 14). Calibration of
the biozones present to the chronostratigraphic standard
as indicated by Vanderberghe et al. (2012) (Figure 10),
suggest that the section is no older than 33.9 Ma and no
younger than 30.5 Ma (i.e. it encompasses the lower half of
the Rupelian). In addition to biostratigraphic data, we have
obtained radiometric age data determined from zircons in
acidic tuffs interbedded within the Thsaniye Formation.
Although these data are not from the Karaburun section,
instead coming from localities to the south and northwest,
they provide further useful age constraints on the
formation. Zircon U-Pb ages of 33.9 (+0.4) Ma (Kiyikoy
locality; Okay et al., 2020), 32.5 Ma, 31.7 Ma, and 31.04
Ma (localities to the south of Karaburun; Okay et al.,
2019) have been recorded, all of which are compatible
with the age determination of the Karaburun section (age
calibration model of Sahy et al., 2017).

Biostratigraphic data demonstrate that the hanging
wall stratigraphy of the [hsaniye Formation is relatively
complete, encompassing approximately the lower halfof the
Rupelian (Early Oligocene), with calcareous nannofossil
zones upper NP21 to lower NP23 and planktonic
foraminiferal biozones O1 (~P18) and O2 (~P19) present.
By contrast, the footwall section is restricted to NP23,
suggesting that a now inverted normal fault controlled
deposition in Early Oligocene time. Deposition of older
stratigraphy was restricted to the hanging wall, with
deposition commencing on the footwall during NP23,
initially with pebbly sandstones, subsequently with marls.

48

Within the footwall section the presence of N. bouillei
confirms an Early Oligocene age, but no age-diagnostic
planktonic foraminiferal taxa were found, particularly
no evidence for the O1 standard planktonic foraminiferal
biozone. This can be identified by the presence of P
naguewichiensis, which was recorded in the lower part of
the Hanging Wall Section. Calcareous nannofossil data
places all Thsaniye Formation samples from the Footwall
section in Biozone NP23 (Subzone CNO3), so it should
be expected that samples from the Footwall Section
would correspond to O2 (= P19) standard planktonic
foraminiferal zone. Whilst we have been unable to replicate
their results, Okay et al. (2019) noted P19 planktonic
foraminifera in their samples from the higher calcareous
marls onlapping the Sogucak Formation.

According to Vanderberghe et al. (2012), the boundary
between planktonic foraminiferal zones O1 and O2 and
the boundary between calcareous nannofossil zones NP22
and NP23 might be synchronous (Figure 10). We have
not determined that to be the case in the studied section
(Figure 14). At Karaburun, the boundary between O1 and
02 lies significantly above the boundary for NP22 and
NP23 (i.e. O1 indicative planktonic foraminifera are found
in some samples that contain NP23 indicative calcareous
nannofossils). This result might be significant for the
ongoing calibration between biostratigraphy schemes for
the Early Oligocene.

8. Micropaleontological determination of
paleoenvironments

Microfossils can provide useful information concerning
depositional settings and stratigraphic trends in
paleoenvironment. The fine-grained, marly nature of
much of the [hsaniye Formation within the studied section
suggests relatively low energy deposition, with episodically
high-energy events represented by sharp- or erosive-based
sandstones, limestones, and debris beds. A key question is
if this style of deposition is taking place on a paleoshelf, on
a paleoslope, or within the deeper basin.

The depositional setting of the Hanging Wall Section
and footwall section are considered separately.

8.1. Hanging Wall Section

8.1.1. Foraminiferal data

Apart from the three samples that are barren or contain
only very impoverished microfauna, all samples are very
rich and very diverse and comprise abundant planktonic
and calcareous benthic foraminifera. Agglutinated
foraminifera are relatively less common, but local influxes
are recorded sporadically.

The relative percentages of planktonic foraminifera are
consistently high (Figure 14), indicating deposition in fully
marine conditions (with at least good connections to the
open ocean) and well-oxygenated surface waters. Dilution
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of surface water salinity by fresh-water run-off appears to
have been minimal.

Percentages of planktonic foraminifera appear to
exhibit a moderate decline from approximately 60% at
the base of the section in sample 1, to approximately 25%
in sample 19. From sample 20 to the top of the section,
the interval can be further subdivided based on a gradual
but somewhat erratic upwards increase in percentages
of planktonic foraminifera from approximately 60% to
approximately 80% between samples 20 and 55 and with
slightly lower but steadily fluctuating percentages from
sample 54 to the top of the section.

In the lower part of the section, this trend may indicate
some shallowing from possible upper bathyal to outer
neritic paleowater depths although above sample 20
paleowater depths were probably wholly bathyal (i.e. greater
than approximately 200 m). The gradual deepening trend
between samples 20 and 55 might represent transgressive
conditions culminating in a maximum flooding surface at
approximately the level of sample 55 (see Figure 14 and
subsequent paragraphs).

The compositional change between samples 19 and 20
is also marked by a distinct shift in the composition of the
benthic foraminiferal microfaunas above and below this
level. Hoeglundina elegans is very abundant within the
lower interval, sometimes reaching counts of well over 100
specimens in a sample. Additionally in this lower interval,
several taxa are consistently common to abundant whereas
they are much more sporadically recorded in higher
samples and in much fewer numbers. These include
Baggina dentata, Ceratocancris haueri, Frondicularia
tenuissima,  Oriodorsalis  umbonatus,  Rectuvigerina
cf. clavata, Valvulineria complanata, and Valvulineria
palmarealensis.

Hoeglundina elegans is an aragonitic species that
ranges from Late Eocene to Recent. It is generally a neritic
to bathyal taxon that prefers deeper oxygenated bottom
waters, but with oligotrophic (low nutrient) conditions.
However, it is also known to tolerate low oxygen
conditions, for example in the Californian borderland
basins (Mackensen and Douglas, 1989). Therefore, it is
possible that the lower part of the section represents a
period of reduced bottom water oxygen content and/or a
period of extreme oligotrophic conditions similar to those
that exist in the present day Eastern Mediterranean (Ni
Fhlaithearta et al., 2010). For the latter case, it has been
demonstrated that H. elegans can migrate into shallower
(shelfal) waters during periods of extreme oligotrophy,
though perhaps in lower numbers. On the other hand,
the abundance and diversity of microfaunas recorded in
all but the three barren/impoverished samples suggests
that eutrophic environments predominated throughout
deposition.

In the upper part of the section, the distinctive species
Pararotalia lithothamnica is recorded sporadically but
becomes (relatively) consistent and occasionally abundant
from sample 62 to sample 70. Given that this part of the
section contains increasing evidence for debris flows, it is
possible that this species is being reworked from shelfal
(neritic) environments into bathyal conditions.

Agglutinated foraminiferal taxa are recorded fairly
consistently throughout the section and display variable
and changing abundances. However, there is an interval
between samples 49 and 64 where the diversity of such
forms appears to be somewhat higher. This might relate to
an interval of decreasing dissolved oxygen. The percentage
of agglutinating taxa in the overall foraminiferal
assemblages is very low (mostly <5%) and only exceeds
10% in one sample (48).

8.1.2. Palynological data

Overall, the high abundance of dinocysts such
as  Enmeadocysta, Homotryblium, Spiniferites, and
Operculodinium suggests a fully open marine, possibly
shelfal setting.

Samples 1 to 17 have a somewhat different character
from samples that lie above these. Dinocysts are relatively
less common as a proportion of the assemblage and spores
and pollen are relatively common. The angiosperm pollen
Psilatricolporites is particularly common within this lower
section. From sample 20 upwards, dinocysts (particularly
Enneadocysta and Spiniferites) become consistently
relatively common and might reflect a transgressive trend
to more open marine conditions.

A further change is recorded from sample 54 and
above, with a marked increase in C. lobospinosum,
suggesting a shallowing toward shelfal settings, or
increased redeposition from shelfal to more offshore
environments (Sluijs et al., 2005; Williams et al., 2009).
A marked increase in the dinocyst diversity in sample 54
might also be associated with this change in depositional
environment.

8.1.3. Calcareous nannofossil data
Abundance and diversity patterns of calcareous
nannofossils, which had a widespread oceanic distribution
and lived within the photic zone, can provide important
information concerning paleoenvironment, such as
nutrient supply, water temperature, salinity changes.

Abundant and well-preserved calcareous nannofossils
assemblages throughout the investigated section point to a
normal salinity marine environment. All assemblages are
dominated by C. floridanus and R. minuta. High numbers
of eutrophic species such as C. floridanus point to a stable
nutrient supply within a well-stratified, marine water
column.

Haq (1980) concluded that small reticulofenestrids
dominate nannoplankton assemblages along continental
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margins. R. minuta is a very small (<3 pm) elliptical
reticulofenestrid with a long stratigraphic range from the
lower Eocene (NP13) to Pliocene. Blooms of R. minuta in
Miocene sediments from Central Paratethys have been
interpreted as indicators of a warmer, better-stratified
water column compared to other assemblages with a
dominance of C. pelagicus (Cori¢ and Hohenegger, 2008).
In contrast, discoasterids, which are common in open
and deep oceanic water (Aubry, 1992) are well preserved
throughout the studied section, but occur only very
sporadically.

Most samples also contain a high diversity of
helicoliths (H. bramlettei, H. compacta, H. euphratis, etc.)
and cribriliths (P. multipora, P. latoculata, P. formosa, etc.).
Assemblages of Helicosphaera and Pontosphaera exhibit
more diversity nearshore than in open oceanic conditions
(Aubry, 1990).

C. pelagicus is an important paleoecologic marker
because it indicates higher nutrient levels and eutrophic
conditions usually caused by upwelling (Okada and
Mclnyre, 1979; Winter et al., 1994). A relative abundance
of C. pelagicus within the lower part of the section (samples
1 to 31; NP21 to lowerNP22) points to higher nutrient
input and probably more turbulent water caused by more
intense fresh-water runoff.

The relative high abundance of C. pelagicus within this
part of the section cooccurs with a relative high abundance
of Braarudosphaera bigelowii (particularly in samples 1
to 21; NP21). Bukry (1974) investigated changes in the
abundance of this species during the Holocene in Black
Sea sediments and concluded that they reflect fluctuations
in water salinity. High abundances can be associated with
a salinity reduction. The occurrence of common ascidian
spicules and plant remains in samples 1 to 26 (NP21 and
lower part of NP22) suggests relatively shallow conditions
compared to the upper part of the section.

8.1.4. Integrated paleoenvironmental conclusions:
Hanging Wall Section

All fossil groups studied indicate that the Hanging Wall
Section can be subdivided into distinctive lower and upper
parts (Figure 14).

Overall, sample 20 and above contains rich
assemblages of planktonic and benthonic foraminifera and
dinocysts (dinocyst increase from sample 19) and might
reflect deposition in fully open marine, well-oxygenated,
eutrophic, bathyal conditions (nannofossil abundance also
supports this, but the taxa present do not suggest fully open
oceanic conditions). Nannofossil assemblages dominated
by small reticulofenestrids (R. minuta) and C. floridanus
suggest a continental margin depositional setting and a
eutrophic, better-stratified water column than within the
lower part of the section. Reworking of shelfal fauna and
flora is noted within the highest samples (sample 53 and
above and particularly sample 62 and above).
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Samples 1-19 contain relatively less common
planktonic foraminifera, and samples 1-18 contain less
common dinocysts, and some benthonic foraminifera
indicative of slightly shallower environments. Relative
pollen and spore abundance might support this notion or
at least offshore transportation of nearshore and terrestrial
components. There are indications (i.e. abundance of the
benthonic foraminifer H. elegans) that bottom waters
might be reduced in oxygen content and/or oligotrophic.
Similarly, shallower environments with high nutrient
supply and perhaps traces of a freshwater plume from a
point source are demonstrated by calcareous nannofossils
assemblages with a relatively high abundance of C.
pelagicus coupled with B. bigelowii. Common ascidians
and transported plant remains within this part of the
sections support this assumption.

In summary, the Hanging Wall Section at Karaburun
mostlikely represents deposition in an outer neritic (shelf)-
bathyal (slope) depositional setting. A shallowing upwards
trend is evident within the lower part of the succession
(samples 1-19) and this may represent a depositional
lowstand. This interval, in the earliest Oligocene part (i.e.
Biozones NP21/01) might have experienced bottom water
dysoxia and/or oligotrophy. The highest organic carbon
content occurs within this lower part of the section (Tulan
etal., 2020) indicating bottom-water conditions conducive
to the preservation of organic matter. Above this, the
succession is transgressive in nature between samples 20
and 55, based on planktonic foraminifera abundance and
the presence of dominant fine grained lithologies, with a
maximum flooding surface being present at around sample
55. Above this, from sample 54-70, increased shelfal
redeposition into an overall bathyal environment is noted;
this might represent highstand depositional settings.

8.1.5. Benthic foraminifera morphogroup distribution
patterns
The calcareousbenthic foraminiferal datafrom the Hanging
Wall Section have been analyzed on the basis of grouping
species from the same genus together and sometimes
grouping morphologically similar genera together to form
artificial “morphogroups” This approach has been used by
some authors (e.g., Jones and Charnock, 1985) to relate
test shape to different feeding strategies and other related
environmental factors. However, for this particular study
we have attempted to relate the proportions of different
morphogroups in assemblages to particular systems
tracts as determined by the paleobathymetric trends, as
discussed in the previous section (Figure 14).

The morphogroups analyzed which displayed some
degree of apparent relationship include:

- Anomalina/ Anomalinoides (robust, low trochospiral/
planispiral)
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- Astacolus/Marginulina/ Vaginulinopsis/
Percultazonaria (uncoiled/partly uncoiled rectilinear
lenticulinids)

Baggina/Cancris/Ceratocancris  (thin-walled, low
trochospiral)

- Bolivina/Loxostomum/Lingulina (biserial, elongate)

- Chilostomelloides

- Cibicides/Lobatula/Discorbis/ Hanzawaia (plano-
convex, low trochospiral)

- Cibicidoides

- Hoeglundina

- Lagena

- Lenticulina/Saracenaria (lenticular planispiral)

- Melonis/Pullenia (rounded planispiral)

- Pararotalia + “Larger” Foraminifera (nummulitids)

- Polymorphinids

- Uvigerina/ Angulogerina/ Trifarina/ Reussella/
RectuvigerinalSiphogenerinoides (multiserial, elongate)

- Valvulineria

The percentage proportions of each morphogroup for
every sample are graphically displayed in Figures 17-19.
Each systems tract has been highlighted: samples 1 to 19
(lowstand systems tract - LST); 20 to 55 (transgressive
systems tract - TST) and 54 to 70 (highstand systems tract
- HST) (note sample 54 occurs above sample 55 in the
field).

It is noticeable that some morphogroups display
positive or negative correlation with particular systems
tracts, others part-positive or part-negative correlation.
In some places the differences are evident (e.g., Lagena
in the TST or Hoeglundina in the LST), and in others,
the differences are more equivocal (e.g., Cibicidoides in
the HST or Polymorphinids in the TST). Also shown on
each morphogroup chart is a line delineating the mean
percentage composition within that particular systems
tract.

Some morphogroups display little or no discernable
pattern and are not shown. These include Bulimina/
Ceratobulimina/ Praeglobobulimina; Elphidium/Elphidiella/
Nonion/Nonionella; Globocassidulina; Gyroidinoides and
“Uniserial elongate types (e.g., dentalinids sensu lato)”.

For some cases a causal relationship could be inferred.
For example, the high proportion of Hoeglundina in
samples from the LST are probably related to conditions
of lower oxygen levels in a stratified water column, or the
presence of deeper water taxa (e.g., Melonis, Lagena and
lenticulinids) in the TST, or the presence of shallow-water
forms (e.g., Pararotalia and “larger” benthics in the upper-
shallower parts of the HST. Other relationships, although
displaying a discernable positive or negative correlation
with a particular systems tract, are less easily linked to a
possible cause (e.g., the previously discussed apparent
preference of Lagena for TST conditions but with similarly
higher proportions in the upper part of the HST).

In isolation, the use of graphic displays for individual
morphogroups might not provide a great deal of useful
information, but examining several separate groups
together suggests that morphogroup analysis is useful
for characterizing depositional systems tracts. The use
of morphogroups may also help to mitigate against
restrictions in interpretation caused by using particular
time-specific taxa or species/genera that are prone to
taxonomic misunderstanding. Whilst we may not fully
understand why certain morphogroups are indicative of
either transgressive or regressive conditions, the empirical
relationships are undeniable and provide an interesting
context for more detailed studies in the future.

8.2. Footwall section
8.2.1. Foraminiferal data

8.2.1.1. Pebbly sandstone facieS

The lowest 20 m of exposed stratigraphy within the
Footwall Section is dominated by coarse pebbly
sandstones. However, thin (typically <10-cm thick),
often discontinuous calcareous siltstones and marls occur
within this facies, sampled for their foraminiferal content
in disaggregated preparations (see Section 5). Additionally,
thin sections were prepared from suitable calcareous
siltstones and sandstones.

In disaggregated preparations, assemblages are
dominated by diverse calcareous benthic foraminifera
and generally low proportions of planktonic foraminifera
(20-30% gradually increasing upwards to a peak of
approximately 40%). Assemblages are dominated by
Cibicidids and Lenticulinids. Bolivinids (mainly of the
Bolivina beyrichi group) are also moderately common and
consistent.

Influxes of Nummulites bouillei are recorded. These
coincide with the lowest proportions of planktonic
foraminifera in this subset and indicate proximity to
shallow waters, if not the actual paleodepths where
Nummulites flourish then close to them.

Thin sections of calcareous sandstone samples contain
occasional Nummulites and possible Lepidocyclina, as well
as sporadic globigerinid planktonic foraminifera, possibly
Dentoglobigerina.

Opverall, deposition is thought to have occurred in
inner-mid shelfal water depths with a well-oxygenated
water column.

8.2.1.2. Lower calcareous marls

The coarse pebbly sandstone facies at the base of the
section passes up into approximately 50 m of marl with
approximately 5 m of the lower section accessible in
the cove that within the core of a small syncline to the
north of the inverted normal fault. Assemblages from
this set of samples have a slight dominance of planktonic
foraminifera (50-60%) except in the lowest sample which
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Figure 17. Benthic foraminiferal morphogroups that appear to show (a) positive and (b) negative correlation with lowstand, low

oxygen environments (boxed, pink zone). Scales are percentages of that morphogroup present in each assemblage with red lines

showing the mean value in each systems tract.
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is calcareous benthic dominated (only 20% planktonics).
Benthic assemblages are dominated by Cibicidids and
Lenticulinids. An informally named taxon Cibicidoides
sp. 1 is moderately common to common. Cibicidoides
aff. tenellus is very common in one sample. Additionally,
bolivinids (mainly of the B. beyrichi group) are moderately
common and consistent and reach maximum abundances
within this set of samples. Reussella oberburgensis is
generally moderately common within this subset. Tritaxia
szaboi, a characteristic large agglutinated foraminifera, is
very common.

The biserial planktonic foraminifera Chiloguembelina
cubensis is common to very common, reaching its
maximum abundance within this set of samples.

A large influx of N. bouillei is recorded in one sample
high in the stratigraphy. This influx coincides with a
planktonic foraminifera proportion of approximately
60%, which indicates relatively deeper waters (outer
shelf - ?upper bathyal). The Nummulites here have
almost certainly been introduced into these sediments by
downslope transport.

Overall, deposition is thought to have occurred in
outer shelfal (to possibly upper bathyal) water depths with
a well-oxygenated water column.

8.2.1.3. Higher calcareous marls

The highest Thsaniye Formation within the footwall section
are the marls that onlap and infill the eroded surface of the
Sogucak Formation around Cape Karaburun. Several spot
samples were collected from these marls.

Foraminiferal assemblages from these samples are
dominated by diverse calcareous benthic foraminifera
and generally low proportions of planktonic foraminifera
(20-30% although with a peak of approximately
40%). Assemblages are dominated by Cibicidids and
Lenticulinids with uniserial types relatively more diverse.
Additionally, bolivinids (mainly of the B. beyrichi group)
are moderately common and consistent. T. szaboi is
relatively poorly represented within this subset except for
a moderate influx in one sample.

Opverall, deposition is thought to have occurred in mid
shelfal water depths with a well-oxygenated water column.

9. Discussion

9.1. Stratigraphic synthesis
The new biostratigraphic data gathered within this
study elucidates the depositional history of the Thsaniye
Formation at Karaburun. There is clear evidence that
a normal fault controlled deposition during the Early
Oligocene, considering the stratigraphy on either side of
this fault is quite different (Figures 5 and 9).

Towards the end of the Priabonian, deposition of the
Sogucak Formation limestones ceased, and a relative
sea-level fall led to the exposure and erosion of these

carbonates, with the paleoreef exposed at Cape Karaburun
forming a topographic high. Based on seismic evidence
within the Western Black Sea (see, for example, the
formation of canyons incising the shelf of the Western
Black Sea (Dinu et al., 2005; Mayer et al., 2018)), Tari et
al. (2014, 2019) discussed the likelihood of a major relative
sea-level draw-down at, or close to, the end of the Eocene.
This might be eustatically-controlled as the latest eustatic
models (Miller et al., in press) show an approximately
100-m fall in the latest Eocene as a response to the onset
of extensive Antarctic glaciation. Whatever the driving
mechanism, this fall would have been sufficient to expose
the lithified Sogucak Formation, and temporally ceased
deposition within the vicinity of Karaburun. Deposition
recommenced in Karaburun only on the south,
downthrown, side of the (now inverted) normal fault that
lies on the south side of Cape Karaburun (Figure 2). The
timing of the recommencement of deposition is uncertain
because the basal contact of the [hsaniye Formation is not
observed on the hanging wall side of the fault. The oldest
sediments exposed are low in the Early Oligocene (Biozone
NP21, Subzone CNOI1 (nannofossils); O1 (planktonic
foraminifera)), but perhaps not at the very base of the
Oligocene. The oldest Thsaniye Formation regionally might
even extend into the very latest Eocene (Okay et al., 2019);
however, a reassessment of their planktonic foraminiferal
data (e.g., presence of Globigerina praebulloides,
Dentoglobigerina tripartita, Dentoglobigerina venezuelana,
and Tenuitella gemma) suggests that their sections
interpreted as Late Eocene could equally be Early Oligocene.
Regardless of this uncertainty, deposition appears to have
recommenced close to the Eocene/Oligocene boundary,
suggesting that the break in deposition caused by the sea-
level fall was short in duration.

While marls with variable organic content (Tulan
et al, 2020) and calcareous siltstones and occasional
sandstones (of debris flows origin) were being deposited
during Biozone NP21 and NP22 times in the hanging
wall of the fault, no deposition was taking place on the
footwall. There, deposition was initiated with the coarse
pebbly sandstones, passing up into marls, both of which
onlap the Sogucak Formation. These onlapping sediments
are demonstrably assignable to calcareous nannofossil
Biozone NP23 (Subzone CNO3) and demonstrate a rise in
sea-level at this time which eventually flooded the exposed
reef with deposition in erosional depressions. At the same
time as the footwall side of the fault was being drowned,
the hanging wall side of the fault demonstrates evidence
for transgression, with a maximum flooding surface (based
on plankton abundance) occurring within Biozone NP23.
The transgression onto the formally exposed Sogucak reef
on the footwall might have created erosion that caused the
deposition of debris flows, blocks of Sogucak limestone
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Figure 18. Benthic foraminiferal morphogroups that appear to show (a) positive and (b) part-positive correlation with transgressive

environments (boxed, blue zone). Scales are percentages of that morphogroup present in each assemblage with red lines showing the

mean value in each systems tract.

and slumping within the upper Thsaniye Formation in the

hanging wall.

as now observed at beach level (Figures 2, 5, and 9). The
transpression has created steep dips in the proximity of the
fault and the formation of a small syncline to the north of

the fault (Figure 2).

Between the Early Oligocene and present day, the
fault controlling deposition became overprinted by a

Samples of the Thsaniye Formation from Karaburun
have been analyzed for their Strontium isotope ratios (Sr*/

transpressive fault and NP21 sediments of the lower

Ihsaniye Formation on the hanging wall were upthrown
into juxtaposition with NP23 sediments of the footwall

Sr¥); results are presented separately (Tulan et al,, in press).
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Figure 19. Benthic foraminiferal morphogroups that appear to show (a) positive and (b) part-positive or negative correlation with

highstand environments (boxed, yellow zone). Scales are percentages of that morphogroup present in each assemblage with red lines

showing the mean value in each systems tract.
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However, it is evident that they substantiate the Early
Oligocene stratigraphic evolution as presented herein.

9.2. Regional significance

9.2.1. Lithological comparison

Much of the marly Early Oligocene section at Karaburun
represents an open marine, mostly outer neritic—bathyal,
depositional setting, mostly well oxygenated, with
evidence for reduced bottom water oxygen conditions
within its lower part. It contains abundant, diverse, and
remarkably well-preserved microfaunas and microfloras of
foraminifera, calcareous nannofossils, and palynomorphs.
This exceptional faunal recovery and the marly, calcareous
nature of its background lithology, makes the Karaburun
section somewhat unique compared to coeval sections
from around the Western Black Sea Basin. For example,
the Ruslar Formation, exposed on the Bulgarian coast near
the village of Galata, is clay-rich and includes diatomites,
as well as erosively based sands and conglomerates (Suttill,
2009). This same formation is carbonate-poor within
offshore wells (Sachsenhofer et al., 2009).

The Early Oligocene portion of the Maykop Suite
at its type locality on the north side of the Greater
Caucasus has been well documented (Popov et al.,
1993; Akhmetiev et al., 1995; Zaporozhets, 1999; Saint-
Germes et al., 2000; Zaporozhets and Akmetiev, 2017;
Sachsenhofer et al., 2017; Popov et al., 2019). The relevant
section is approximately 200-m thick, much thicker than
at Karaburun, and consists of the Pshekha, Polba and
Morozkina Balka formations. Much of this section consists
of dark-gray clays, and carbonate content is very limited.
Nannofossil zones NP21, NP22, and NP23 are recognized
along with modified palynological zones D13, D14, and
D15 of Costa and Manum (1988). Reworking of Eocene
and older palynomorphs can be common. Ostracods
and palynomorphs indicate that deposition took place
in episodically brackish surface water conditions.
Nonetheless, water depths might have been substantial.
Based on the presence of fossil fish with photophores
and the disappearance of aragonitic-shelled pteropods,
Sachsenhofer et al. (2017) and Popov et al. (2019) estimate
that water depths might have been as great as 1000 m, much
greater than might be estimated at Karaburun. Unlike at
Karaburun, deposition was more consistently anoxic. It is
evident that the typical Maykop Suite bears little analogy
to the age equivalent strata at Karaburun.

Some uncertainty exists around the age-equivalent
stratigraphy within the Thrace Basin because significant
differences exist in interpretations of age and use of
local lithostratigraphic units. In a recent interpretation,
Giirgey and Bat1 (2018) used dinocysts to provide age
control on the Mezardere Formation (see also Turgut and
Eseller, 2000), which they interpreted as at least partly
Early Oligocene and therefore equivalent to the Thsaniye
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Formation. Their biostratigraphic interpretations appear
valid, using the presence of Glaphyrocysta cf. semitecta
and Wetzeliella gochtii to demonstrate an Early Oligocene
age (equivalent to calcareous nannofossil biozones NP21-
NP23/NP24). The Mezardere Formation is well exposed in
large clay quarries south of Tekirdag and consists mostly
of dark shale, regarded as prodelta shales, with some
shale oil potential. The organic enrichment exhibits some
similarities to the lower part of the Thsaniye Formation at
Karaburun; however, overall, the Mezardere Formation
appears to have been deposited within a more restricted,
less open marine environment.

9.2.2. Salinity events

In several parts of Paratethys, the onset of intra-Early
Oligocene nannofossil Zone NP23 corresponds to a
significant reduction in marine salinity (e.g., Budilova et
al., 1992; Popov et al,, 1993) as determined by distinctive
blooms of dinocysts and acritarchs (Hystrichokolpoma,
Batiascasphaera  sphaerica, Horologinella), calcareous
nannofossils (Reticulofenestra ornata, Transversopontis
fibula, Transversopontis latus), ostracods (Disopontocipris
oligocaenica) and molluscs (Janschinella, Lenticorbula).
These assemblages occur in the type Maykop Suite section
on the northern side of the Greater Caucasus (Popov
et al, 1985; Voronina and Popov, 1984; Sachsenhofer
et al., 2017; Popov et al, 2019) and the nannofossil
assemblage (“Polbinian-type nannoflora”) has been seen
in the Caucasus and other parts of Central and Eastern
Paratethys, even as far east as the north Ustyurt Plateau
between the Caspian and Aral seas and as far west as the
Bavarian Foreland Molasse (Nagymarosy and Voronina,
1993; Melinte-Dobrinescu and Brustur, 2008). This
“Solenovian” event is said to be widespread throughout
Paratethys (Popov et al., 2002; Popov and Stolyarov, 1996;
Sachsenhofer et al., 2018) and has been detected in the
Bulgarian Western Black Sea (Sachsenhofer et al., 2009,
2018; Mayer et al., 2018) and in central Paratethys (Popov
et al.,, 1993; Rusu, 1999; Schulz et al., 2004, 2005; Ozsvart
et al., 2016). Solenovian is a local stratigraphic term
employed within the Caucasus region, and the Polbinian
is a horizon within this, also called Ostracod Beds on
account of the abundance of large-sized ostracods at this
level. Despite the relative proximity to the occurrence of
the Solenovian event in offshore Bulgaria (Sachsenhofer
et al,, 2009, 2018; Mayer et al., 2018), no evidence exists
at Karaburun for a lower NP23 low salinity event (none
of the distinctive fauna and flora is noted, although
sediments are of NP23 age), suggesting that connection
to the World Ocean was maintained at this time, perhaps
via the Catalca Gap as suggested by Okay et al. (2019).
Conversely, there is evidence for reduced surface water
salinity within the NP21 portion of the Karaburun section
where the nannofossil B. bigelowii is relatively common.
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This has been regarded as a marker of reduced salinity
in parts of Paratethys (Melinte-Dobrinescu and Brustur,
2008), although within NP23. However, the presence of
common planktonic foraminifera within the NP21 section
of Karaburun suggests surface waters were unlikely to be
significantly lower than normal salinity.

Intriguingly, on the margins of the Thrace Basin,
oolitic shoals occur; these shoals contain endemic
Solenovian fauna (bivalves), along with sedimentary
manganese ores, a typical Early Solenovian feature in
eastern Paratethys (Stolyarov, 1999; Stolyarov and Ivleva,
1999). This evidence has been used by Islamoglu et al.
(2010) to suggest that during the early Solenovian (i.e.
NP23), the Thrace Basin was disconnected from Tethys
and only connected to eastern Paratethys. The presence
of large numbers of the alga Pediastrum within the upper,
Solenovian-equivalent, Mezardere Formation suggests a
strong freshwater influence (Glirgey and Bati, 2018). Our
evidence contradicts this, suggesting that a fully open
marine connection existed between western Tethys and
the Western Black Sea Basin within eastern Paratethys
via the Catalca Gap during NP23 (Solenovian) times,
given the open marine fauna present in NP23 sediments
at Karaburun and the apparently marine nature of the
Mezardere Formation in the center of the Thrace Basin
(Glirgey and Bati, 2018). More data on the nature of the
Oligocene succession in the Thrace Basin are needed to
help unravel this contradiction. We cannot absolutely
exclude the possibility that the Solenovian event occurs
in the NP23 stratigraphy above the highest outcrop at
Karaburun, but given the thickness of the NP23 section
at Karaburun and that the Solenovian event occurs in the
lower part of NP23, we favor the interpretation that there is
no low-salinity event recorded in the relevant stratigraphy
at this locality.

9.2.3. Relative sea-level change

The progressive separation of Paratethys from Tethys which
commenced around the Eocene/Oligocene boundary is
often regarded as reaching an initial culmination within
nannofossil Zone NP23, when Paratethys has been said
to have lost its connection to the World Ocean. This
Solenovian event (Popov et al., 1993, 2002, 2004; Popov
and Stolyarov, 1996; Rogl, 1998; Steininger and Wessely,
2000; Sachsenhofer et al., 2018) caused the marine salinity
reduction previously described and created anoxic
bottom water conditions favorable for the deposition and
preservation of organic-rich sediments in many parts of
Paratethys (Baldi, 1984; Rogl, 1999; Schulz et al., 2004;
Sachsenhofer et al., 2018). This is not observed within the
Karaburun sections where sediments deposited during
NP23 times represent some of the most open marine
conditions based on the nature of the fossil assemblages.
These sediments correspond to the flooding of the footwall

and emergent and eroded Eocene reefal limestone that
would have formed a paleo-topographic high. This
contradicts the Paratethyan sea-level trends described by
Popov et al. (2002, 2010). After a base Oligocene sea-level
fall, they interpret transgression in NP22 and regression in
NP23. In contrast, both Miller et al. (2005; in press) and
Haq et al. (1987) indicate there might be a major eustatic
transgression at the base of NP23. The Karaburun section
appears to have more in common with global oceanic sea-
level change than it does with local Paratethyan events,
a feature that also appears to be true for the equivalent
succession within the adjacent Thrace Basin (Turgut and
Eseller, 2000).

Further, transgression in NP23 time is supported by
aspects of data from offshore Bulgaria (Sachsenhofer et al.,
2009; Mayer et al., 2018). In the well Samotino More, NP23
sediments of the Ruslar Formation (effectively a partial
lateral facies equivalent of the Thsaniye Formation overlie
NP20 (Late Eocene) sediments of the Avren Formation.
Zones NP21 and NP22 are either highly condensed or
missing by onlap, the latter suggesting a hiatus at the end
of Eocene deposition, with deposition not commencing
until transgression during NP23 times. Doglioni et al.
(1996) observed such onlap in seismic data, while Mayer
et al. (2018) demonstrate that a canyon cut offshore
Bulgaria at end Eocene time is not back-filled until NP23
time. However, note that these NP23 sediments include
evidence for the Solenovian reduced salinity event (the
“Polbinian-type nannoflora” of Nagymarosy and Voronina
(1993) and biomarker data).

9.2.4. Organic enrichment

Full details of the organic geochemistry of the Ihsaniye
Formation at Karaburun are presented separately
(Tulan et al., 2020). In summary, it is the oldest Thsaniye
Formation that is relatively, the most organic-enriched.
Thus, sediments assigned to Biozone NP21 (Subzone
CNO1) within the Hanging Wall Section have an average
Total Organic Carbon (TOC) content of 1.45%. The
richest samples are a little more than 2% TOC. They,
therefore, form poor-moderate quality source rocks and
with high Hydrogen Index values (140-252) suggesting
they are gas-prone. Our palynology studies demonstrate
a substantial input of terrestrial (type III) organic material
at this stratigraphic level. Reduced bottom water oxygen
levels are indicated by the presence of foraminifera such
as Hoeglundina elegans, and this might have contributed to
the preservation of organic matter.

For the Paratethys region and Thrace Basin, Oligocene
stratigraphy, and the Early Oligocene specifically, often
exhibits organic enrichment with rock units such
the Maykop Suite, Ruslar Formation, and Mezardere
Formation forming important proven or potential
source rocks (Bazhenova et al., 2003; Sachsenhofer et al.,
2017, 2018; Mayer et al., 2018; Giirgey and Bati, 2018).
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Moreover, Sachsenhofer et al. (2018) have shown that
some of the greatest organic enrichment occurs in rocks
that can be assigned to biozone NP21 at the base of the
Oligocene. In this sense, the organic-enrichment in the
Karaburun succession fits a regional trend that includes
the Alpine Foreland Basin, the Carpathians and Caucasus.
This presumably relates the relative sea-level fall at or
near the end of the Eocene, which would have, during
lowstand, introduced both terrestrial organic matter and
nutrients along the margins of Paratethys, enhancing
organic productivity.

9.2.5. Regional paleogeography

The southerly connection of Eastern Paratethys with
Mediterranean Tethys through the Catalca Gap during
the Early Oligocene (Okay et al., 2019) is an important
element that has previously been overlooked (e.g., contrast
Figure 7 with the paleogeography presented by Rogl,
1998). Karaburun would have been at the northern head
of this connection (Figure 7). Our data provide support for
the notion of this connection in the following ways:

- The succession is dominantly open marine and
contains a diverse and often abundant fossil assemblage
with planktonic foraminifera, calcareous nannofossils,
and dinoflagellates all well represented. Such fossils would
have needed to enter Paratethys from a connection with
the World Ocean where they form typical elements of the
fossil biota. Endemic species are sparse.

- The relative sea-level record appears closer to eustasy
(Miller et al., in press) than the Paratethyan record (Popov
etal., 2010).

- There is no evidence of a reduced salinity event in
Biozone NP23 (“Solenovian” event) suggesting proximity
to an oceanic connection to maintain normal salinities.

10. Summary
Rich, diverse, and well-preserved assemblages of
foraminifera, calcareous nannofossils, and palynomorphs
enable the stratigraphy and paleoenvironments of the
Early Oligocene [hsaniye Formation exposed at Karaburun
in northwest Turkey to be elucidated. It is evident that a
now inverted normal fault controlled deposition (Figure
9). The underlying Late Eocene reefal limestones of the
Sogucak Formation were exposed and eroded following
a latest Eocene sea-level fall. Following this deposition
recommenced on the hanging wall side of the fault low
during the Early Oligocene (Biozone NP21, Subzone
CNO1 (nannofossils), or O1 (planktonic foraminifera),
although the contact between the Sogucak and oldest
Ihsaniye Formations is not seen, so the precise timing of
the recommencement of deposition (i.e. earliest Oligocene
vs latest Eocene) cannot be assessed.

The oldest approximately 20 m of the Thsaniye
Formation (Biozone NP21, Subzone CNO1) is relatively
enriched in organic matter (Tulan et al, 2020) and
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contains significant terrestrial palynomorph input and
foraminiferal indicators of low oxygen bottom waters.
Above this, the microfossils from the Thsaniye Formation
reflect an increasingly transgressive character for
approximately 35 m (Biozones NP22 - NP23, Subzone
CNO3), with the footwall side of the fault transgressed
by sediments that can be assigned to Biozone NP23.
On the footwall side of the fault, the onset of deposition
occurred within Biozone NP23 (Subzone CNO3), with
the initial transgressive sediments being coarse pebbly
sandstones, passing up into marls that onlap the Eocene
Sogucak Formation and infill depositional depressions
within it. Maximum transgression is thus within lower
NP23 and is followed on the hanging wall side of the fault
by a progressively shallowing-up succession of sediments
displaying synsedimentary slumping and including coarse
debris flows. Other than the coarse pebbly sandstone
facies, most likely representative of fan delta deposition,
much of the Thsaniye Formation succession at Karaburun
was deposited in outer neritic-upper bathyal water depths,
as determined by the foraminiferal assemblages recorded.

The open marine nature of the Thsaniye Formation
succession at Karaburun contrasts with coeval Early
Oligocene sediments reported from onshore and offshore
Bulgaria and from the margins of the Thrace Basin. In
particular, the Karaburun succession does not reflect
typical Paratethyan stratigraphy that has sea-level lowering
and a low salinity event (“Solenovian Event”) within lower
NP23 stratigraphy. The depositional pattern at Karaburun
is much closer to eustatic trends (e.g. Miller, 2005; in press)
that exhibit a sea-level rise culminating during NP23.
On the other hand, the organic enrichment interpreted
during NP21 times is a fairly typical Paratethyan feature
(Sachsenhofer et al., 2018). Nonetheless, it appears that
interpretation of the Karaburun stratigraphy reflects
proximity to a connection to the global oceans. This might
well be via the Catalca Gap as suggested by Okay et al.
(2019) (Figure 7).
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