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a b s t r a c t

Recent studies have shown that CenomanianeSantonian carbonate sedimentary rocks rich in rudists are
widespread throughout southeastern Turkey. The Derdere and Karababa formations have been analysed
in the Sabunsuyu section (Kilis Province). On a field scale, we can distinguish rudisterich beds that
rhythmically alternate with bioclastic levels composed of bivalves, gastropods and roveacrinids in these
formations. Although pelagic faunal elements (predominantly planktic foraminifera and pithonellids) are
documented in the lowermost part of the series, the rudisterich facies are represented mainly in the
Derdere and Karababa formations. Rudists, benthic and planktic foraminifera indicate middleelate
Cenomanian and TuronianeSantonian ages for the Derdere and Karababa formations, respectively.
Based on studied facies, five microfacies have been recognised and categorised in three facies groups:
inner ramp, mid ramp and outer ramp. Evidence such as gradual changes in facies and absence of
extensive uninterrupted barrier reefs indicate that the Derdere Formation was deposited in a ramp
depositional system. The sedimentology and taphonomic signature of the rudist shell beds have been
described in order to obtain a better understanding of the depositional environment and the physical
processes that controlled CenomanianeSantonian sedimentation. Monospecific tabular beds characterise
mainly the upper part of the series (topmost part of Derdere Formation and Karababa Formation); more
complex rudist concentrations, characterised by moderate species diversity, increase upsection. The
rudist levels are associated with highstand systems tract deposits because of the suitability of trophic
conditions in the rudistedominated ramp.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Rudist beds are widely exposed in Cenomanian to Maastrichtian
(Upper Cretaceous) formations of the Arabian Platform (Steuber,
2002; €Ozer and Ahmad, 2015, 2016; Khazaei et al., 2010; €Ozer
and EleSorogy, 2017; €Ozer et al., 2013, 2019a). However, the taxo-
nomic studies of rudists mainly focus on the uppermost
CampanianeMaastrichtian in southeast Turkey (Steuber, 2002;
€Ozer, 2005, 2010a, b; €Ozer et al., 2009; Steuber et al., 2009; Tunis
et al., 2013), which is located in the northern part of the Arabian
Platform. Although previous studies have hinted at the presence of
rudist fragments in the Upper Cretaceous Derdere and Karababa
).
formations in southeast Turkey, the rudist fauna has never been
described in detail. Our recent studies have shown that the
CenomanianeSantonian formations (Derdere and Karababa) yield
welleidentifiable rudists that are of biostratigraphical importance
in the Sabunsuyu section of the Kilis area (Fig. 1), although few
rudist fragments have also been reported from these formations
along the eastern side of the road, and upstream, in the area of the
western Kilis by Keskin et al. (1974), G€orür et al. (1981), Cros et al.
(1999) and Gül et al. (2001).

The CenomanianeSantonian succession is well exposed in the
Sabunsuyu area and contains diverse macroe and microfaunas.
Thus, the Sabunsuyu section is an ideal succession for establishing a
reliable chronostratigraphy for southeast Turkey as a basis
for comparisons and correlations with surrounding areas. The
objective of the present work is to provide a stratigraphical,
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Fig. 1. Location map of the study area and geological map (modified from Aksu et al., 2014), showing the Sabunsuyu section.
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facies analysis and sequenceestratigraphical study of the
CenomanianeSantonian succession exposed in the western of part
of the Kilis area (southeast Turkey). Rudist associations of the
Derdere and Karababa formations are documented to allow com-
parisons with those of the Arabian Platform. Macroe and microf-
acies analyses of the shallowe to deeperewater carbonates, which
dominate the CenomanianeSantonian succession, are supplied in
order to obtain information on the depositional environment.
2. Material and methods

The Sabunsuyu section is located in the western part of the
province of Kilis (coeordinates 36.829233�/36.893509�). At this
locality, the CenomanianeSantonian succession has beenmeasured
in the Derdere and Karababa formations. The sampling of metree to
decimetreescale for each bed in this CenomanianeSantonian sec-
tion has been made along the eastern side of the road and up-
stream. Rudists are mostly embedded in tightly packed limestones
of the Derdere Formation. Therefore, we have used mainly field
photographs for the description of rudists that show characteristic
features of species and limestone samples displaying rudist sec-
tions, collected from the Sabunsuyu area. We have studied thin
sections of 97 limestone samples collected throughout the strati-
graphical section to describe both microfacies characteristics and
microfossils. The descriptive taxonomy of all macroe and micro-
palaeontological taxa will be presented in detail in separate papers.

A detailed microfacies analysis of the succession was the main
tool used in the present research for palaeoenvironmental in-
terpretations. Palaeontological and petrographical components of
97 thin sections were studied by following the guidelines of car-
bonate rock classification of Dunham (1962) and Embry and Klovan
(1971). The section was measured on a bedebyebed scale, up to a
total thickness of 75.4 m, of which 68.9 m correspond to the Der-
dere Formation; the overlying 6.5 m belong to the Karababa For-
mation. The number of samples taken of each bed was a function of
stratum thickness. For example, rock samples were collected at the
basal, middle and top parts of thick beds, whereas only one sample
was required if the stratum was very thin. For the interval
belonging to the Derdere and Karababa formations, all beds were
sampled.

Thin sections have been prepared and stored in the laboratory of
the Geological Engineering Department of METU, Ankara. The
limestones with rudists are stored in the laboratory of the
Geological Engineering Department of DEU, _Izmir.
3. Geological setting and stratigraphy

Southeast Turkey is located on the northwestern part of the
Arabian Plate and comprises Precambrian, Mesozoic and Cenozoic
rocks (Güven et al., 1988; Perinçek et al., 1991; Yılmaz, 1993;
Alsharhan and Nairn, 1997; Okay, 2008; Robertson et al., 2016).
The marine Cretaceous sequences in southeast Turkey formed
along the northern margin of the Arabian Platform, connected to
the Mediterranean NeoeTethys and located on the passive margin
of the Arabian Platform (Sungurlu, 1974; Şeng€or and Yılmaz, 1981;
Harris et al., 1984; Powell, 1989; Philip et al., 2000; Stampfli et al.,
2001; Kuss et al., 2003; Schulze et al., 2005).

The Cretaceous succession in southeast Turkey is composed of
the Mardin (Aptian to Santonian) and Adıyaman (Campa-
nianeupper Maastrichtian) groups (Çoruh et al., 1997; Yılmaz and
Duran, 1997) (Fig. 2). The Mardin Group is a widely distributed
sequence which is divided into four distinctive formations, from
bottom to top: Areban, Sabunsuyu, Derdere and Karababa (Fig. 2),
all of which are exposed around the Kilis area (Keskin et al., 1974;
G€orür et al., 1981; Cros et al., 1999; Gül et al., 2001). The basal
transgressive Areban Formation is represented generally by sand-
stone, sandy limestones and dolomites with interbedded shale
which conformably overlie carbonates of the Sabunsuyu Formation
(G€orür et al., 1981). The Sabunsuyu Formation consists mostly of
dolomites and limestones; this, in turn, is overlain conformably by
limestones of the Derdere Formation (Çelikdemir et al., 1991). The
Derdere Formation comprises organicerich limestones at the base,



Fig. 2. Columnar section of Cretaceous lithostratigraphical units in the Kilis area (modified from Cros et al., 1999; no vertical scale implied). The red square denotes the interval
studied here. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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dolostones and dolomitic limestones in themiddle and skeletal and
noneskeletal limestones in the upper part (Mülayim et al., 2019).
The Karababa Formation consists of thine to mediumebedded dark
grey, organicerich/planktonic foraminiferaebearing limestones in
the lower part (KarababaeA), mediumethickebedded nodular
cherty limestones in the middle part (KarababaeB) and mainly
neritic bioclastic limestone in the upper part (KarababaeC)
(Çelikdemir et al., 1991; G€orür et al., 1991).

The Derdere Formation is directly overlain by the Karababa
Formation in the Sabunsuyu section. The sharp boundary and poor
palaeontological indicators in the Turonian may be indicative of a
short hiatus between these two formations in the area. Some evi-
dence of hardgrounds was also observed on the surface, such as a
pinkish crust and faint bioturbations, but such discordance might
be the result of condensation during the time span of the Oceanic
Anoxic Event (OAE) reported from the Cenomanian/Turonian
boundary in southeast Turkey (Mülayim et al., 2019) and on the
ArabianeAfrican platform (Bauer et al., 2001; Abdallah, 2003; Saber
et al., 2009; Hajikazemi et al., 2010; Frank et al., 2010; EleSabbag
et al., 2011). Indeed, we have focused on the sedimentological
and palaeontological features of the rudistebearing platformetype
carbonates within the Derdere and Karababa formations in the
Sabunsuyu stratigraphical section, as presented below:

4. Results

4.1. Biostratigraphy

Bioclasts are dominant components throughout the section and
comprise mainly echinoderms (roveacrinids), bivalves and subor-
dinate ostracods, gastropods, bryozoans and annelids. Pithonellids
are frequent and occur abundantly in some beds with a minor
amount of bioclasts. Rare benthic foraminifera, such as Mean-
drospira sp., Dorothia sp., Gavelinellidae and Lenticulinidae are
uncommonly associated with pithonellids and planktonic forami-
nifera. Despite the presence of these bioefragments and benthic
foraminifera throughout the section, they do not help unravel the
chronostratigraphy of the succession. Therefore, rudists and
planktonic foraminifera seem to be the prime components for
determining the age of the formations, as explained below.

Planktonic foraminifera are also rare throughout the succes-
sion. These poor assemblages are represented by reselected taxa,
dominated by Hedbergellidae, which are described from the base
and the middle/upper part of the Derdere Formation.
Asterohedbergella asterospinosa, characterised by a tubulospinate
extension in the last chamber(s) of the final whorl, has been rarely
documented so far, with records from middle to upper
Cenomanian strata in Israel (Hamaoui, 1965; Loeblich and Tappan,
1988; BouDaghereFadel, 2012). The study of rudist facies in
southeast Turkish carbonate ramps and their comparison
with those of Arabian Plate allow a better determination of
the age of the Derdere and Karababa formations. These
biostratigraphical data indicate a middleelate Cenomanian and
ConiacianeSantonian age for Derdere and Karababa formations,
respectively.

4.2. Sabunsuyu section

This section is located to the northwest of the city of Kilis and
represents an excellent outcrop of rudistebearing limestone that
allowed us to understand the stratigraphy of the rampetype car-
bonate sequence (Derdere and Karababa formations). Our new
observations have shown that these formations consist of, in
ascending order (Fig. 3).
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i) a 4emethick, wellebedded, thine to mediumegrained, beige,
dark brownish, dolomitic limestone and limestone with shales
interbedded in the lowermost part of Derdere Formation; these
exhibit also limonitisation (Fig. 4). Exogyrine oysters are abundant
in (wavy and parallel) shale layers with calcite veinlets. Abundant
small planktonic foraminifera, pithonellids, rare roveacrinids and
benthic foraminifera are also present in dolomitic thin limestone
beds. Dolomitisation and silicification are common in microfossils.
Sedimentary structures such as predominantly parallel lamination,
locally wavy and cross lamination and grading are frequent; rec-
ognised taxa include Asterohedbergella asterospinosa, Mur-
icohedbergella planispira, Globigerinelloides sp., Pithonella ovalis,
Bonetocardiella conoidea, Calcisphaerula innominata, Gavelinellidae,
Hedbergellidae indet., many Calcisphaerulidae indet. and
Roveacrinidae.
ii) a 19.32emethick, thinebedded intercalation of dark grey,
massive dolomitic limestones/dolostones and grey, cherty lime-
stones (nodular and band) with fine lamination,
crossestratification and calcite veinlets in texture. Chert bands are
parallel to the strike of the limestones. Bioturbations are rarely
observed. Dolomitisation phenomena are diffused in the lower part
of the orders (IeII) and can lead to nearecomplete obliteration of
original textures. More frequently, very thin to thin layers are rec-
ognisable with different dolomitisation intensity. Many of the bed
boundaries correspond to sharp surfaces. These latter are in some
cases represented by dolomitised thin layers that may laterally
thicken. Roveacrinidae, Hedbergellidae indet. and Calci-
sphaerulidae indet. have been recognised. The cherty limestones
comprise wellepreserved planktonic foraminifera such as Aster-
ohedbergella asterospinosa (Fig. 5).
iii) a 14.93ememassive to very thickebedded intercalation of grey,
dolomitic limestones/dolostones and dark grey, unfossiliferous
massive limestones. These dolomitic limestones do not yield any
index microfossils. Dolomitisation is a common characteristic of
this part of the succession; it may characterise beds or alternating
millimetree to centimetreescale layers. In some cases, it may
completely obliterate preceding structures. Dolomitised layers
show undulating contacts, locally indented with nonedolomitized
lithologies. These phenomena attenuate upwards in the interval.
iv) a 10.55emethick, mediumeto very thickebedded, grey,
rudistebearing limestones, bioclastic limestones and limestone
intercalations. Two rudistebearing limestones are distinguished
from base to top in this part of the section. The lower one is
very thick and consists mainly of radiolitid fragments, of which
large quantities are of angular/subangular and poorly sorted
nature; however, some transverse and oblique sections of
Durania/Sauvagesia and Biradiolites sp. are rare. Some echinoids
with spines are also present. The upper rudistebearing lime-
stones alternate with limestones and are around 3 m thick.
These consist mainly of radiolitid rudists such as Durania acu-
ticostata accompanied by Sauvagesia cf. sharpei and ?Bournonia
sp. The pectinoid bivalve Neithea fleuriausiana has also been
observed in these limestones. Roveacrinid skeletons are locally
dissociated and found scattered within mudesupported matrix.
These rudistebearing limestones do not yield foraminifera.
Bioturbation is occasionally observed in this part of the section.
Calcite veinlets are also common in this interval. Benthic
foraminifera are characterised by the presence of Dorothia sp.,
Meandrospira sp., Gavelinellidae and Lenticulinidae, in the first
few tens of meters and in the top of the section. Pithonellids
(Calcisphaerulidae indet., Pithonella ovalis and Bonetocardiella
conoidea) and occasional planktonic foraminifera (Globiger-
inelloides sp., Hedbergellidae indet. and Muricohedbergella pla-
nispira) are associated with the previous species upwards into
the succession (Fig. 5).
v) a 1emethick, mediumebedded limestone and very
thinebedded limestone, interbedded with chert bands. Planktonic
foraminifera and pithonellids are present (Pithonella ovalis, Hed-
bergellidae indet. and Calcisphaerulidae indet.; see Fig. 5).
vi) a 6.5emethick upper part, composed of grey, fossiliferous, very
thicke to mediumebedded limestones and bioclastic limestones in
alternation. The upper part is characterised by grey, massive, very
thick rudistebearing limestones containing mainly rudist shell
fragments. Indeterminate radiolitid fragments are abundant; Sau-
vagesia and Radiolites have been noted. Caprinids are very rare, only
Caprinula sp. (C. cf. sharpei) having been noted. Bivalves, gastro-
pods, echinoid fragments and roveacrinids are abundant in these
limestones, but poor preservation precludes specific identification.
Peloids are abundant throughout the succession. These limestones
can present enriched foraminiferal levels as well as Aster-
ohedbergella asterospinosa and Globigerinelloides sp. Planktonic
foraminifera appear with a higher frequency upwards and are
found in alternations of wackestone with benthic foraminifera
(Lenticulinidae, Mendrospira sp., Dorothia sp.) (Fig. 5).
vii) a 5.4emethick, very thickebedded limestone containing two
rudistebearing limestones characterised mainly by abundant ich-
thyosarcolitids. The first rudistebearing level is very thick and
consists usually of small ichthyosarcolitids. The rudist fauna is
monospecific and consists mainly of Ichthyosarcolites triangularis.
Indeterminate bivalves have also been observed. The second
rudistebearing limestone is very thick and with mainly large Ich-
thyosarcolites triangularis and rare Ichthyosarcolites monocarinatus.
There are ichthyosarcolitid fragments in the rudistebearing lime-
stones, but they are accumulated in their original environment and
are not reworked and transported. Peloids are abundant
throughout the succession. Benthic foraminifera (Gavelinellidae)
(Fig. 5), molluscs and roveacrinids are also present. A
hardgroundetype surface is seen at the top of this interval.
viii) a 3emethick part of the succession consists of dark grey,
thinebedded silty limestones. Some pithonellids with glauconite
grains and Pithonella ovalis, Bonetocardiella conoidea, Hetero-
helicidae, Hedbergella indet. and Calcisphaerulidae indet. can be
described (Fig. 5).
ix) a 3.5emethick, grey, thickebedded limestone consisting of two
rudistebearing limestone levels. Dolomitisation and bioturbation
are usually observed. Upwards in the section, intercalations of grey
limestones and bioclastic limestones with rudists are seen. The
thickness of the rudistebearing limestones is laterally variable
from thick to very thick. The lower rudistebearing limestones
contain small numbers of Bournonia excavata, Apricardia sp. and
indeterminate requieniids. Other bivalves are represented by
abundant, but unidentifiable specimens. Rudists are usually in life
position; however, intense fragmentation and accumulation of
rudists and bivalves can be observed. In other cases, they are
associated with very thin bioclastic laminae which locally show
thin accumulations of rudist shells, both pristinely preserved and
highly abraded. The bioclastic matrix (packstone) is composed
almost exclusively of bioeroded rudisteshell fragments, associated
with rare benthic foraminifera (Dorothia sp.) (Fig. 5). Molluscs,
echinoid fragments and roveacrinids are also present. Peloids are
rare throughout the succession. The upper rudistebearing lime-
stone consists mainly of Bournonia excavata in growth position, and
also including fragments. Fragmentation of rudists is rarer than in
the lower rudistebearing level.
4.3. Rudist facies and age

Rudists have been described from the Derdere and Karababa
formations (Figs 6e8). Radiolitid fragments are present in the



Fig. 3. A, B. Distribution of rudists, foraminifera and other organisms and changes in composition and sequenceestratigraphical framework for the Derdere and Karababa for-
mations in the Sabunsuyu section (southeast Turkey).
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Fig. 3. (continued).
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Fig. 4. Outcrop evidence of (1st order) intercalation of dolomitic limestone and shale beds at the base of the Derdere Formation. Exogyrine oysters are observed in shale layers,
which are indicated in the area (red square, a), just below the hammer. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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middle part of the Derdere Formation. Some subsquare right valve
sections with more and less developed ribs and circular to
semiecircular sections might belong to Biradiolites sp. and Durania
sp., respectively (Fig. 6BeD). However, some radiolitids of bio-
stratigraphical importance in the upper Cenomanian, such as
Durania acuticostata and Sauvagesia cf. sharpei, are found around
the middle part of the formation. Many transverse sections of right
valves of D. acuticostata show characteristic features such as a thin
outer shell layer, strong and acute ribs delimited by wider sinuses,
wide and flat ventral and slightly concave posterior radial bands
separated by a concave interband (Fig. 6FeH). This species is well
known from the upper Cenomanian of Friuli, Italy (Caffau et al.,
1996) and Trieste, Italy (Pons et al., 2011). Some conical right
valves in growth position and transverse sections of S. sharpei
present finely ribbed ornamentation, the flat and slightly pro-
truding radial structures separated by a concave interband and a
very small, triangular ligamental ridge (Figs 6J, 7A, B). The age of
S. sharpei is late Cenomanian at its type locality (Alcantara,
Portugal); the species is well known from the upper Cenomanian or
undefine Cenomanian of the northern and southern sides of the
Mediterranean Tethys (Steuber, 2002; ChikhieAouimeur, 2010;
Pons et al., 2011), but it has been also recorded from the Turonian in
some studies. It has recently been described for the Arabian Plat-
form from the upper Cenomanian of northern Jordan by €Ozer and
Ahmad (2015, 2016). Neithea fleuriausiana coeoccurs (Fig. 6I, J).
Although this species ranges from the Cenomanian to the Turonian
in Tethyan rudist limestone (Dhondt, 1973), it was found together
D. acuticostata and S. sharpei in upper Cenomanian limestones of
Friuli, Italy (Caffau et al., 1996). Thus, faunal content shows clear
similarities between these localities.

Some small oval sections of radiolitids seem to show the radial
structures of Bournonia in these levels of the middle part of the
section (Fig. 7D). These may be correlated even with those of
B. africana, as demonstrated by Steuber (1999, textefig. 29 F).
However, to date this genus has not been recorded from the Cen-
omanian, which we list it here with a query. The bioclastic lime-
stones of the uppermost middle part of the section contain poorly
preserved canaliculate rudist fragments. Some of the transverse
sections of the right valve are suboval, showing only a very thin
internal shell layer consisting of one or two rows of small rounded
pallial canals in the posterior part (Fig. 7F). The poor canaliculation
is characteristic of Caprinula sharpei, differing from other species of
the genus, as demonstrated by Douvill�e (1888) and €Ozer and
Ahmad (2016). Caprinula sharpei is suggestive of a Cenomanian
age in the central part of the northern side of the Mediterranean
Tethys (Steuber, 2002). The species is known from the Arabian
Platform from the upper Cenomanian of northern Jordan (€Ozer and
Ahmad, 2016) and has recently been noted from the Central



Fig. 5. Planktonic foraminifera. AeC. Asterohedbergella asterospinosa, MU, samples 19, 79 and 79, respectively; DeL. Hedbergellidae indet., MU, samples 79, 1D, 1A, 1D, 19, 19, 79, 63
and 63, respectively; M. Hedbergellidae indet. (left) and Globigerinelloides sp. (right), MU, sample 86; Q. Hedbergellidae indet., MU, sample 80; R. Globigerinelloides sp., MU, sample
63; S. Heterohelicidae indet., MU, sample 1A; pithonellids: N. Pithonella ovalis, MU, sample 7; O. Bonetocardiella conoidea, MU, sample 53; P: Calcisphaerula innominata, MU, sample
19; benthic foraminifera: T, U. Meandrospira sp., MU, samples 53 and 84, respectively; V. Gavelinellidae, MU, sample 8. Abbreviation: MU e Mersin University.
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Taurides (Turkey), in the loweremiddle Cenomanian by €Ozer and
Kahrıman (2019). The radiolitid sections belong to Biradiolites sp.
and may be Radiolites is also found in these bioclastic limestones
(Fig. 7G).

The upper part of the Derdere Formation comprises mainly
monospecific ichthyosarcolitids, Ichthyosarcolites monocarinatus
and I. triangularis (Fig. 8AeI). The former species presents abundant
right valve sections showing typical characteristics of the species
such as a slightly elliptical transverse section of the right valve and
a single flange on the anteroeventral side (Fig. 8BeF). The external
shell layer is partially observed, the internal shell layer consists of
dense, ovaloid and round pallial canals, a single very thin tabula;
elongated teeth sockets of the left valve are observed. Some curved
left valves are present. These sections present close similarities to
descriptions of Sli�skovi�c (1966), Pol�sak (1967), Cestari et al. (1998),
Pleni�car and Jurkov�sek (2000), Troya Garcia (2015), Rineau and
Villier (2018) and €Ozer and Kahrıman (2019). Ichthyosarcolites tri-
angularis has a triangular shell shapewith a single projecting flange
on the dorsal side of the right valve, a thick internal shell layer with
dense, small, round to ovoid pallial canal sections and many
concave tabulae in the internal moulds of the body cavity
(Fig. 8GeI), which are characteristics of the species (Desmarest,
1817; d’Orbigny, d1847, 1850; Troya Garcia, 2015; Rineau and
Villier, 2018; €Ozer and Kahrıman, 2019). Ichthyosarcolitids sug-
gest a Cenomanian date, having been described from lower,
middleeupper and upper Cenomanian formations in the periphery
of the Mediterranean Tethys (Steuber, 2002). They have recently
been described from the Central Taurides (Turkey) from the
loweremiddle Cenomanian by €Ozer and Kahrıman (2019). The find
of this species in the uppermost part of the formation suggests a
late Cenomanian age.

The rudist fauna of the Karababa Formation is characterised by
an abundance of Bournonia excavata, but Apricardia sp. and inde-
terminate requieniids are also present (Fig. 8JeO). Bournonia
excavata represents small, cylindroeconical right valves, with
subrounded dorsal side, the ventral radial band being more
developed than the posterior one and the concave interband
separating the radial bands (Fig. 8KeM). Apricardia sp. shows a
small, strongly coiled left valve and a conical, slightly capuloid right
valve (Fig. 8N, O). The age of B. excavata is early Santonian at its type
locality (d’Orbigny, 1850; Toucas, 1907; Mac�eeBordy, 2007). How-
ever, it has been recorded from Coniacian levels in Germany and
Spain and Santonian strata in Italy, France, Spain and Romania
(Steuber, 2002; Cestari, 2008; Lucena Santiago, 2014). In previous
studies (covering Italy, BosniaeHerzegovina, Croatia, Cuba,
Afghanistan and Somalia), also a CampanianeMaastrichtian date
has been attributed to B. excavata, but the majority of these lack
figure(s) and descriptions from (for references, see Steuber, 2002).
Some studies present merely figure(s) and/or descriptions of this
species from the CampanianeMaastrichtian or Maastrichtian of
Montenegro, Italy, Guatemala and Iran (see Steuber, 2002; Khazaei
et al., 2010). Thus, a CampanianeMaastrichtian date for B. excavata
is questionable (Steuber, 2002; Lucena Santiago, 2014), but the
discussion continues. In the present study, we favour dating
B. excavata as ConiacianeSantonian, with respect to its strati-
graphical distribution in Tethyan areas and the age of the Karababa
Formation.

4.4. Rudist interpretation

Rudists constitute exclusive bioclasts, characterised mainly by
radiolitid species in themiddle part of the Derdere Formation. Most
of the calcitic outer shell layer of bioclasts is completely recrystal-
lised and commonly unbroken. The cellular prismatic structure of
this layer can be partly observed in some fragments. The aragonitic
inner shell layer of radiolitids is unprotected due to dissolution. In
some cases, the shells are disoriented and assume multiple super-
imposed orientations in the same layer. Isolated individuals are also
common; small bouquets are rare. Bioerosion may have led to the
formation of elongated fragments found both in bioclastic fractions,
together with large fragments, where they appear oriented. It ap-
pears in this section that rudists are associated with bioclastic
levels composed almost exclusively of comminuted rudist shells,
lodged even in between closeeset individuals. The bioclasts derive
from rudist, bivalve and roveacrinid shells and appear to be bio-
eroded and moderately abraded. They laterally interfinger with
smallebioclastic to largeescale limestone beds in which the bio-
clasts consist of poorly sorted, bioeroded and fairly abraded rudist,
bivalve and echinoid shell fragments in a siltyebioclastic wacke-
stone matrix. In some cases, grading appears well developed,
suggesting that the final deposition of skeletal elements was caused
by higheenergy events such as storm flows. A small number of
holes in the bioclasts were observed in field studies and also in
studies of thin section. These are very rare and small, probably
bored by algae and fungi. Physical breakdown seems to be the main
piece of evidence of bioerosion.

In the Derdere Formation, sheetelike and tabular bodies are
usually associated with monospecific rudist associations at the top
of the unit. These do not exhibit horizontal orientation. The rudist
shells, in upright growth position, appear either clustered or as
isolated individuals. The top of this tabular body may be
associated with an incipient hardground. Bedding is often
evidenced by such surfaces which are observed especially at the
CenomanianeTuronian boundary. This type of shell accumulation
characterises the top bed of the Derdere Formation (upper Cen-
omanian). Grain sorting is poor and bioclasts are bioeroded and
moderately abraded; shells are packed. However, rudisterich levels
appear to be concentrated in the upper two metres, whereas they
become rare upsection; rudists often form levels. In other cases,
they appear as oriented, dispersed, toppled individuals of pristine
preservation or slightly reworked. The upper shell bed is associated
with a sharp basal contact with the Karababa Formation. Most of
the rudist shell beds in the Derdere Formation are composed of
large numbers of shells that are oriented parallel to subparallel
with respect to bedding. These beds have a discontinuous shell
distribution laterally. The broadly spaced, imbricated stacking of
the radiolitid shells implies originally loosely clustered shells.
Stormwaves may have been caused by toppling and dense stacking
of shells.

In the Karababa Formation, shell beds are horizontal, in
lateral view orientation. Most shells show signs of bioerosion;
they are highly abraded, while some of them are still articu-
lated. Shell fragments dominate over complete shells; frag-
mentation and abrasion are abundant and shells are
comminuted beyond taxonomic recognition. Their orientation is
random, while species diversity is low. These monospecific
shell beds are thick. Rudists in growth position are rare; most
of them appear to have toppled and locally oriented, but may
have been reworked. Rudisterich beds are frequent in the
uppermost part of the series, whereas they become rarer in the
middle but are abundant and thicker in the middleeupper part
of the Karababa Formation. Good shell preservation is indica-
tive of a more energetic environment but the presence of un-
broken shells suggests that water circulation was not so
effective in destroying shells. Differences in shell orientation
recognised at some levels suggest variations in current direc-
tion. Species diversity is low. The removal of finer matrix
produced by bioerosion and inesitu reworkings of skeletal el-
ements, rather than transport, are linked to periods of pro-
longed exposure and low sedimentation rates.
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Fig. 7. Rudistebearing limestones of the Derdere Formation, outcrop photographs. A. Sauvagesia sharpei, two right valves in growth position. B. Sauvagesia sharpei, transverse
section of right valve showing thick outer shell layer, short triangular ligamental ridge (L), flat and slightly protruding radial structures separated by a concave interband (Ib).
Cellular structure seems to be partially preserved (thin black arrows). C. Bournonia? sp., transverse section of right valve; radial structures showing some similarities to those of the
genus. D. Stalk elements of crinoids. E. Field views of rudistebearing limestones of unit VI (scale bar equals 2 m). FeG. Closeup of previous photograph. F. Poorly preserved
transverse section of right valve of a canaliculated rudist fragment showing very thin internal shell layer with one or two rows of small rounded pallial canals in posterior part
(white arrows), as in Caprinula sharpei. G. Biradiolites sp., transverse section of right valve showing acute ribs (scale bar equals 10 mm in all photographs, except E). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4.5. Taphonomic aspects

In the Sabunsuyu succession, rudists represent a greater pro-
portion of fossil assemblages from Cenomaniane Santonian lime-
stones. Taphonomic observations yield many data on the
sedimentary processes in operation. Rudists occurred in three
palaeoecological morphotypes, i.e., elevators, clingers and re-
cumbents (Gili et al., 1995; Skelton and Gili, 2002) and their
palaeoecological characters have recently been reviewed by Gili
and G€otz (2018). It seems that rudists were rarely fossilised in life
position because of storms that could cause toppling of shells.
However, the conical and cylindroeconical upright position of
elevator radiolitids observedmay indicate growth position. In a few
cases, the small cylindroeconical radiolitid shells show an upward
curvature. The recumbent ichthyosarcolitids (Skelton and Gili,
2002; Gili and G€otz, 2018) were not observed in any life position.
The body cavities of rudists are usually infilled by the surrounding
finer bioclastic sediments and/or more commonly by peloids.
Fig. 6. Rudistebearing limestones of the Derdere Formation. A. Field view showing thicknes
of previous photograph showing transverse and oblique sections of rudist fragments (BeC. B
bearing limestones of unit IV. E. Rudistebearing limestones alternating with limestones
previous photograph showing transverse sections of monospecific Durania acuticostata. No
equals 10 mm). I. Neithea fleuriausiana (n) and small radiolitidis (thin black arrows) in life
sharpei (thin black arrows). Note thick outer shell layer, small, triangular ligamental ridge (L
of the references to colour in this figure legend, the reader is referred to the Web version
5. Microfacies analysis

The microfacies document a mudstoneepackstone texture with
predominantly rudists, pithonellids, planktonic and benthic fora-
minifera, echinoids, bivalves and roveacrinid crinoids (Fig. 9). Based
on petrographic analysis of the Derdere and Karababa formations,
five microfacies are here interpreted to represent innere to
outereramp settings.

5.1. Mfe1: laminated/nonelaminated, siltebearing limy mudstone

This microfacies consists of finely textured, dense, dark grey
microcrystalline calcite and contains planktonic foraminifera and
pithonellids floating in a mudesupported fabric (Fig. 9A). Some
parts are thinly laminated in siltesized quartz (Fig. 9B). Pithonellids
are the predominant skeletal grains in this microfacies, ranging
from 80 to 90 per cent in abundance and show a concentric wall
structure. Roveacrinids range from 1 to 3 per cent in abundance.
Fine bioclastic grains are evenly distributed in a micritic matrix.
s (white bar equals 2.90 m) of lower rudistebearing limestones of unit IV. BeD. Closeup
iradiolites sp.; D. Durania sp.), scale bar equals 10 mm. EeJ. Field views of upper rudiste
(white bar equals 40e50 cm, indicating rudistebearing limestones. FeH. Closeup of
te thin outer shell layer and strong and acute ribs limited by wider sinuses (scale bar
position (scale bar equals 10 mm). J. Transverse sections of right valves of Sauvagesia
) and presence of Neithea fleuriausiana (n) (scale bar equals 10 mm). (For interpretation
of this article.)
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Subordinate grains predominantly are roveacrinid bioclasts. Also,
the mud shows a slight degree of recrystallisation into xenotopic
microspar and is dolomitised in parts. Dolomitisation and silicifi-
cation are common in microfossils that are poorly preserved.
Chambers of some planktonic foraminifera are almost completely
replaced by dolomite in places. Dolomite occurs as rhombic crystals
or patches which replace the chambers partially or completely in a
matrix.

5.2. Mfe2: bioclastic peloidal wackestone/packstone

The main characteristic of this microfacies is the poorly sorting
of bioclasts of various sizes which comprise coarse and fine rudist
debris, bivalves, roveacrinids, echinoids, as well as planktonic and
benthic foraminifera, subordinate ostracods, gastropods, bryozoans
and annelids (Fig. 9C). These are distributed in a mudesupported
matrix or/and replaced partially to completely by sparry calcite or
dolomite. Intraskeletal pores are commonly filled with sparry
calcite. Peloidal grains are common constitutes in the packstone
texture. Peloids are spherical, ellipsoidal or angular but are mostly
well rounded and show weak to moderate sorting. Peloids often
merge into a pseudoemicritic matrix, causing a clotted texture.
Sparry calcite partly replaces the micritic matrix.

5.3. Mfe3: bivalve and roveacrinid floatstone

This microfacies is characterised by an accumulation of up to
>2emmesized bivalves and roveacrinids (Fig. 9D, E), embedded in
a micritic matrix which is mostly randomly or less commonly
concordantly oriented. They are well preserved, positioned
obliquely or parallel to bedding and do not show any micritisation.
Sparitic shelters and geopetal textures are present. Microcrystalline
spar is observed at the top of some valves. Planktonic foraminifera
and pithonellids are minor grains.

5.4. Mfe4: echinoderm bioclastic packstone

This microfacies consists of packstones containing mainly
echinoid bioclasts (Fig. 9F). and subordinate bivalve and rudist
shells. Gastropod, planktonic foraminifera and roveacrinid frag-
ments also occur sporadically. The packstoneedepositional texture
shows an internal part of a rudist valve filled with calcite cement
and intense recrystallisation. Micritic peloids are also common. The
allochems are moderately to poorly sorted and account for variable
amounts (up to 20 per cent of rock volume). Scarce glauconite
pellets are locally observed. Carbonate particles are tightly packed
and the micritic/microsparitic matrix is rarely presented.

5.5. Mfe5: rudist floatstone/rudstone

Rudist floatstone/rudstone is characterised by radiolitids and
ichthoyosarcolitids (Fig. 9GeH). The silty matrix is composed of
fine packstone to wackestone with abundant peloids, skeletal
fragments of bivalves, echinoids, gastropods and small benthic
foraminifera with a large proportion derived from bioerosion of
Fig. 8. A. Field view showing rudistebearing limestones of Derdere (unit VII) and Karabab
tographs (scale bar equals 10 mm). BeF. Ichthyosarcolites monocarinatus. BeE. Transverse se
shell layer consisting of dense, ovaloid and round pallial canals, a single very thin tabula (yel
showing pallial canals in eroded part, some parts may be belong to right valve (black arrow
single projecting flange on dorsal side (white arrow). Teeth sockets of left valve may be prese
G). J. Field view showing thickness of lower (a) and upper (b) rudistebearing limestones of un
(scale bar equals 10 mm). KeM. Bournonia excavata, transverse sections of small right valve
developed than posterior one and concave interband. NeO. Apricardia sp., small valves, stron
references to colour in this figure legend, the reader is referred to the Web version of this
rudist shells and broken down to siltesized grains. Finely dispersed
dolomite rhombs occur in the matrix locally.
6. Depositional setting

The lithological, biotic and microfacies data obtained document
depositional settings in the Sabunsuyu section (Fig. 10) in which
rudists partly flourished, were fragmented or reworked through
the CenomanianeSantonian time interval.
6.1. Lithologies and depositional processes

Themost prominent rocks in the stratigraphical interval studied
are characterised by rudistedominated, finee to coarseegrained
lithologies, which are made up of intense fragmentation of bio-
eroded molluscan shells. Hermatypic corals and green algae
disappear almost completely at this level. Noneskeletal grains
(predominantly peloids) are common. Planktonic foraminifera is
generally rare throughout the section, but abundantly present at
some levels. The matrix is finee to coarseegrained and ranges from
wackestone to floatstone with a wide range of skeletal particles.
These sediments were produced in situ on the ramp onwhich rudist
bivalves were the primary sediment producers. The rudistebearing
limestones formed under slightly, moderately and strongly agitated
water conditions. The presence of limestones with identifiable
rudists, bivalves and roveacrinids, alternating with bioclastic
limestones including intensely fragmented faunas of rudists, bi-
valves and gastropods, document occasional changes in energy
conditions on the carbonate ramp, triggered by storm activity.
Rudists and other bivalves were actively moved by currents, waves
and storms, causing fragmentation and transportation, albeit not
far from their original environment. The presence of some lime-
stones with planktonic foraminifera illustrates the effects of occa-
sional openemarine connections within the proximal parts of the
outereramp.

The middleeupper Cenomanian rudistebearing limestone
sequence of the Sabunsuyu section presents close similarities in
terms of features such as alternation and changes of depositional
conditions with those of the central Apennines (Carbone et al.,
1971) and may also be correlated with the central and eastern re-
gions of the northern Mediterranean Province (Philip, 1980; €Ozer,
1988; Philip and Mermigis, 1989; Carbone, 1993; Sartorio et al.,
1992; Cestari and Sartorio, 1995; Laviano et al., 1998a, b; Steuber,
1999; Di Stefano and Ruberti, 2000; St€ossel and Bernoulli, 2000;
Korbar et al., 2001; Sarı, 2006a, b; Parente et al., 2007; Sarı and
€Ozer, 2009; Sarı et al., 2009; Cestari and Laviano, 2012; Troya
et al., 2011; Frija et al., 2015) and the Gulf of Mexico (Scott, 1990).
However, higheenergy platform margin depositional environ-
ments have been proposed in those studies, rather than the car-
bonate ramp depositional conditions presented here.

There are lithological similarities of the Sabunsuyu section with
those described in previous studies, reported mainly by TPAO in
southeast Turkey (see Keskin et al., 1974; G€orür et al., 1981; Cros
et al., 1999; Gül et al., 2001), but fossil contents of the Derdere
and Karababa formations included essentially planktonic
a (units VIII and IX) formations. BeI. Rudists of the Derdere Formation, outcrop pho-
ctions of right valve with single flange on anteroeventral side (black arrow), internal
low arrow) and elongated teeth sockets of left valve. F. Curved left valve (umbo to right)
). GeI. Ichthyosarcolites triangularis, triangular transverse sections of right valve with
nt in part. Concave tabulae observed in internal moulds of body cavity (yellow arrow, in
it IX (hammer for scale). KeO. Rudists of the Karababa Formation, outcrop photographs
s showing subrounded dorsal side, ventral radial band (black and white arrows) better
gly coiled left valve and conical, slightly capuloid right valve. (For interpretation of the
article.)
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Fig. 10. Depositional model showing microfacies distribution and faunal components for the CenomanianeSantonian succession in the Sabunsuyu section. The rudist lithosome is
the main element of the homoclinal carbonate ramp that thrived in the mideramp setting and passed laterally into a deep facies with planktonic foraminifera and roveacrinids in
the outer ramp.
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foraminifera, but rudists and other taxa were not described nor
recorded. Therefore, features of depositional settings in those
studies contain missing data for the Derdere and Karababa for-
mations. These units have recently been studied in southeast
Turkey by Cros et al. (1999), Mülayim et al. (2018, 2019) and €Ozkan
and Altıner (2018), who proposed a carbonate ramp process; this
shows some resemblances with that of the Sabunsuyu section.
However, rudistebearing limestones were not clearly indicated and
determined by those authors; our own observations have docu-
mented the presence of identifiable rudists in the same area
(Yılmaz et al., 2019; €Ozer et al., 2019a, b). The lithological and
depositional features of the Sabunsuyu section, such as the upper
Cenomanian rudistebearing, platformetype carbonates and the
Turonian pelagic condensed limestone sequence, show clear simi-
larities to those of the _Inişdere section in southeast Turkey, recently
presented by Mülayim et al. (2019). The presence of a hardground
surface between the upper Cenomanian rudistebearing limestones
and the Turonian pelagic limestones in the Sabunsuyu section can
be compared with the “drowning unconformity” of the _Inişdere
section of Mülayim et al. (2019), thus illustrating the same change
in depositional conditions. A similar hiatus has been recorded from
the Arabian Plate (Sharland et al., 2001; Haq and AleQahtani, 2005;
Haq, 2014) and also Egypt (Bauer et al., 2003). The Bey Da�gları
Carbonate Platform (BDCP; southwest Turkey) comprises
middleeupper Cenomanian rudistebearing limestones as well.
However, the BDCP succession differs from the Sabunsuyu
sequence as the Cenomanian rudistebearing limestones of the
former do not show any pelagic incursion and are overlain by
Turonian rudistebearing neritic limestones in the northern part
Fig. 9. Photomicrographs of microfacies types. A. MFe1, laminated/nonelaminated silteb
nonelaminated siltebearing lime mudstone, Karababa Formation, TPAO, sample 75.1. C. MF
bivalve and roveacrinid floatstone, Derdere Formation, TPAO, sample 53.4. E. MFe3, bivalve a
bioclastic packstone, Karababa Formation, TPAO, sample 2KB. GeH. MFe5, rudist floatstone/r
0.5 mm. Abbreviations: TPAO e Turkish Petroleum Corporation; c e calcisphere; r e roveacri
rudist; p e pellet.
(Sarı et al., 2004, 2009; Sarı, 2006b; Sarı and €Ozer, 2009), where
Turonian neritic limestones are overlain by ConiacianeSantonian
pelagic limestones with planktonic foraminifera (Sarı, 2006a,
2009). However, neritic conditions prevailed throughout the Late
Cretaceous in the southern part of the platform (Susuzda�g area),
which includes Santonianelower Campanian rudistebearing
limestones (Sarı et al., 2009; Sarı and €Ozer, 2009) which could be
correlated with the Santonian rudistebearing limestones of the
Sabunsuyu succession.

The upper Cenomanian rudistebearing limestones of the Sab-
unsuyu section show similarities to those of Jordan (Schulze et al.,
2003, 2004; Bandel and Salameh, 2013; €Ozer and Ahmad, 2015,
2016), Egypt (Bauer et al., 2004; Salama et al., 2016; Farouk et al.,
2017; AbdeleFattah et al., 2018) and Tunisia (Razgallah et al.,
1994; ChikhieAouimeur et al., 2006). However, the Turonian
limestones of the Sabunsuyu section differ from those of the
AfroeArabian platform (Syria, Iraq, Jordan, Iran, Egypt, Tunisia) in
the absence of rudists.

6.2. Platformetype ramp

The distribution of microfacies is presented in Fig. 10. Microfa-
cies characteristics have allowed a good understanding of the
CenomanianeSantonian carbonate platform type, as explained
below:

Pithonellid and planktonic foraminiferaerich accumulations of
Mfe1 are closely associated with fineegrained carbonates depos-
ited in an outer ramp environment, likely below normal wave base,
under very loweenergy conditions, suggesting that these
earing limy mudstone, Derdere Formation, TPAO, sample 2e1. B. MFe1, laminated/
e2, bioclastic wackestone/packstone, Derdere Formation, TPAO, sample 53.2, D. MFe3,
nd roveacrinid floatstone, Derdere Formation, TPAO, sample 72.3. F. MFe4, echinoderm
udstone, Derdere Formation, TPAO, samples 70.2 and 2KB, respectively. Scale bar equals
nid; b e bivalve; e e echinoid; g e gastropod; s e silty quartz grains; bc e bioclast; rd e
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microfacies can be considered to be equivalent to RMFe5 of Flügel
(2010). Skeletal grains (roveacrinids, bivalves) are commonly well
preserved. The presence of a micrite matrix is evidence of a
loweenergy environment. Some parts of this microfacies are
laminated limy mudstone with silty quartz grains of Mfe1 and
could be interpreted to have formed in the proximal parts of
outereramp settings (Flügel, 2010) below the SWB and corre-
sponding to RMFe1 of Flügel (2010). Mfe2 could have formed
between the proximal parts of mide to outereramp settings and
corresponds to RMFe3 of Flügel (2010). The bioclastic peloidal
wackestone and packstone have abundant and diverse fossils (bi-
valves, gastropods, roveacrinids) and peloids. Mfe3 could have
formed in open inner ramp to mideramp settings and corresponds
to RMFe15 of Flügel (2010). Skeletal grains often are worn. Bivalve
and roveacrinid floatstones are rampederived bioclasts, their re-
mains embedded in a micritic matrix. Mfe4 could have formed
protected and loweenergy inner ramp settings and corresponds to
RMFe7 of Flügel (2010). Echinoderm bioclastic packstone
composed of few dominant skeletal grains (e.g., predominantly
echinoderms and foraminifera). The rudist shells of Mfe5 could
illustrate mideramp crest settings and corresponds to RMFe28 of
Flügel (2010). The rudist floatstone and rudstone exhibit a strongly
disorganised fabric. The occurrence of rudists and lithological and
microfacies characteristics of this succession indicate that the
limestones were deposited in mide to outereramp environments
such as described from the Arabian Platform.

7. Sequence stratigraphy

On different scales the various sequences may have resulted
from fluctuating eustatic sea levels and local tectonics. The hard-
ground surfaces recorded during fieldwork (i.e., ferruginous hard
crusts), combined with vertical facies evolution, are here used to
interpret sequence boundaries (SB). Moreover, major facies shifts
from shallowere to deeperemarine carbonate facies indicate
sequence boundaries. In total, three sequence boundaries have
been identified in this succession; two in the Cenomanian (SB Ce
1e2) and one in the Turonian (SB Tu 1). These unconformities
define a corresponding number of 3rdeorder depositional se-
quences (sensu Posamentier et al., 1988; Vail et al., 1991) that
commonly consist only of transgressive (TST) and highstand sys-
tems tracts (HST) due to a lack of accommodation space during
falling and low sea level stands. Mülayim et al. (2016) were the first
to interpret CenomanianeTuronian transgressiveeregressive (TeR)
sedimentary cycles in the Çemberlitaş oilfield (Adıyaman, south-
east Turkey), considering mainly the Cenomanianelower Campa-
nian interval. Sequenceestratigraphical studies in other parts of
southeast Turkey include those of Tardu (1991) and €Ozkan and
Altıner (2018). In the study area, we have subdivided the
CenomanianeSantonian succession into three sequences (Fig. 11).

7.1. Depositional sequence 1

In the outcrop studied, the base of Sequence 1 (SB 1) is the upper
Albianemiddle Cenomanian boundary. This sharp boundary sepa-
rates the upper Albianelower Cenomanian Sabunsuyu Formation
(very thick dolomitic beds) from the overlying middleeupper
Cenomanian Derdere Formation (thinner limestone and calcar-
eous shale beds). This sequence is delineated at the base by the
middleeupper Cenomanian sequence boundary (SB 1), where it is
overlain by levels with Asterohedbergella asterospinosa of
middleelate Cenomanian age. The basal sequence boundary (SB 1)
is the unconformity between the Sabunsuyu and Derdere forma-
tions. This unconformity is characterised by the presence of a
sudden facies shift from dolomites to limestone and by the
presence of dissolution vugs indicating exposed conditions. In the
Cenomanian succession exposed at Kilis (southeast Turkey), the
correlative upper Albianemiddle Cenomanian boundary has
already been identified by Cros et al. (1999). The TST facies is
composed mainly of outereramp facies (MFe1, laminated/non-
elaminated, siltebearing limy mudstone). The transgressive sys-
tem tract is marked by a small influx of siliciclastics that consist of
calcareous shale with exogyrine oysters. In the Sabunsuyu section,
the HST is composedmainly of limymudstone and dolostone facies,
intercalated with chert bands and nodules. The upper part is rep-
resented by aggradational stacking of shalloweramp facies with
quartzedominated inputs in subfacies. It is marked by the presence
of intensive dissolution and dolomitisation. The dolostone package
resulted from aggradation when accommodation space was filled
as rapidly as it was created so that water depth remained relatively
constant.

7.2. Depositional sequence 2

This sequence is bounded at the base by sequence boundary 2
(SB 2), which is characterised by the presence of rudist rudstone
facies. Aggradational to progradational stacking patterns identify
the HST in sequence 2. During the HST, the first rudistebearing
cycle formed and prograded basinwards. The HST of the
largeescale sequence 2 represents the second rudistebearing cycle
during aggradation of the carbonate ramp. The rudistebearing
cycles are identified within this systems tract and go through an
ideal vertical shallowing upwards from slightly loweenergy to
higheenergy mideramp facies. Petrographic descriptions for this
systems tract show that it comprises two shallowingeupward
parasequences. The first rudistebearing cycle was laid down dur-
ing progradation and consists of limestone with planktonic fora-
minifera and roveacrinids, shallowing up into rudist rudstone with
benthic foraminifera and gastropods, forming the upper
mediumescale sequence. The rudist assemblage in HST of the
Sabunsuyu section includes Sauvagesia sp., Durania sp., Biradiolites
sp., Durania acuticostata, Sauvagesia sharpei and Bournonia? sp. The
second rudistebearing cycle consists of limestone with echinoids
and roveacrinids followed by massive rudistebearing limestone
stacked in an aggrading pattern. The foraminifera include Mean-
drospira sp., Dorothia sp., Gavelinellidae and Lenticulinidae; asso-
ciated are bivalves and gastropods, all reflecting deposition in
shallow water during the HST of sequence 2. In the Sabunsuyu
section Caprinula sp. (C. cf. sharpei), Sauvagesia sp., Radiolites sp. and
Ichthyosarcolites triangularis are in the HST of the upper sequence 2.
The capping rudstone in both rudistebearing cycles formed under
decreased water depths due to either aggradational growth of the
rudist lithostrome and/or a sea level fall. The transition from pro-
gradational early highstand to aggradational late highstand is
recorded by a hardground surface at the top of a massive
rudistebearing limestone. The rudist accumulation was able to
keep up with the increase in accommodation during early high-
stand sea level rise. The TST facies begins with bioclastic packstone
in the Sabunsuyu section. These facies are overlain by quiet, open
rudist floatstone/rudstone facies, which is intercalated with bio-
clastic wackestone. The MFS is at the top of a highly fossiliferous
limestone bed with roveacrinids, echinoids, pithonellids and
planktonic foraminifera, that indicate relatively deeper mide to
outereramp environments.

7.3. Depositional sequence 3

Sequence boundary 3 lies at the base of Sequence 3 between the
middleeupper Cenomanian Derdere Formation and the
TuronianeSantonian Karababa Formation. These deposits comprise



Fig. 11. Comparison between sequence boundaries of the present study with others in neighbouring areas and with the global eustatic scheme of Haq (2014).
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the TST of Sequence 3 and are characterised by glauconite, pinkish
iron crust and bioturbation which indicate condensation. In the
Sabunsuyu section, the boundary is distinguished by a hardground.
The transgressive systems tract is marked by mide to outereramp
deposits of limestone containing pithonellid and planktonic fora-
minifera. The drowning of the platform during the early Turonian is
interpreted to be the result of a longereterm relative sea level rise.
During the TST, acceleration in the rate of relative sea level rise led
to the deposition of a retrogradational component rich in plank-
tonic foraminifera, pithonellids and roveacrinids of mide to
outereramp environments. The change from TST to HST is repre-
sented by the transition from retrogradational to progradational
sedimentation patterns. The maximum flooding surface in this
largeescale sequence is best placed at the top of the mide to outer
eramp facies of the maximum flooding interval.

The highstand systems tract is composed of a
shallowingeupwards (prograding) parasequence set that formed
due to normal regression during a sea level highstand. The relative
fall/still stand in sea level led to formation of late HST deposits with
shoal facies prograding basinwards. Thus, the HST is characterised
by a predominance of higheenergy packstone and rudist rudstone
facies, which contain numerous skeletal fragments (i.e., Bournonia
excavata, Apricardia sp. and indeterminate bivalves). The HST de-
posits are mainly peloid silty bioclastic packstone and echinoderm/
benthic foraminiferaebioclastic packstone intercalated with
mudstone. These bioclastic packstones, interpreted as storm layers
(Aigner, 1985), are common but usually amalgamated with wavy
beds of graded bioclastic material. In fact, during these phases of
baseelevel highstand, these deposits contain numerous echinoids
which indicate a change frommoderate energy of the mideramp to
higheenergy shoal facies.

7.4. Sequenceestratigraphical comparison

The sequenceestratigraphical framework of the middleeupper
CenomanianeSantonian succession in the Sabunsuyu section has
been compared with schemes proposed by Schulze et al. (2003),
Sharland et al. (2004), Haq and AleQahtani (2005), Saber et al.
(2009), Haq (2014) and Mülayim et al. (2016) (Fig. 11). Their cor-
relation incorporates the stratigraphical succession of the Sabu-
nsuyu section and positions of the SBs recognised in the study area.

Depositional sequence 1 is the thickest sequences in the middle
to upper Cenomanian of the Sabunsuyu section. We interpret this
thickness increase to reflect prolonged duration of the sea level in
highstand position on the Arabian Platform due to a 2ndeorder rise
of sea level from the middle to late Cenomanian (Haq, 2014). Thus,
this global signal probably controlled the sedimentation rate in this
time interval and carbonate production increased in the outere to
mideramp highstand carbonate deposits (Mülayim et al., 2016).
Despite the thickness reduction and the effect of dolomitisation
which masked the original depositional texture and composition of
the depositional sequences in the Cenomanian, palaeontological
data for depositional sequence 1 have enabled us to correlate with
Haq (2014) and recognise the middle Cenomanian sequence
boundary (SB2) in the study area. This is also correlated with SB2 in
northern Sinai (Saber et al., 2009), CeJo3 in Jordan (Schulze et al.,
2003, 2005) and KCe4 of Haq (2014) (Fig. 11). Following the
mideCenomanian regression, seaelevel rise during the late Cen-
omanian and early Turonian led to deposition of transgressive
systems tract of the second sequence. This system tract is charac-
terised mainly by mideouter ramp facies rich in planktonic fora-
minifera and calcispheres. Depositional sequence 2, well exposed in
the field, displays evolution from outere to mideramp deposition
and is abruptly overlain by pelagic deposits of the Karababa A and B
members, signalling changing rates of subsidence in the Arabian
Platform and the onset of tectonic events. The upper
Cenomanianelower Turonian transgression is assumed here to
correlatewith the eustatic seaelevel rise of Haq (2014) and regional
deeping in the adjacent shelf area in Jordan (Schulze et al., 2003,
2005) and the Arabian Peninsula (Sharland et al., 2001). The up-
per part of this facies (late Cenomanian) was considered by
Mülayim et al. (2016, 2019) to reflect the Oceanic Anoxic Event 2
(OAE 2) in the _Inişdere and Türko�glu sections.

8. Conclusions

Rudists are here described from the Sabunsuyu succession for
the first time. The biostratigraphical data obtained from these
provide a valuable contribution to a better understanding of the
Derdere and Karababa formations in the Sabunsuyu succession.

Rudists and microfacies characteristics of the limestones
provide data on the depositional environments of the
CenomanianeSantonian succession, revealing that the limestones
formed on an inner to outer homoclinal ramp of (a) carbonate
platform(s). Rudists formed small isolated patches and aggrega-
tions in a mideramp environment and were commonly deposited
as shell fragments particularly on the outer ramp in response to
increasing energy and ramp slope characteristics.

Monospecific tabular beds mainly characterise the upper in-
tervals and, together with features described above, are indicative
of shallowewater depositional environments that were subjected
to periodical input of planktonic levels and influenced by storm
events. The increase upsection of more complex rudist concentra-
tions characterised bymoderate species diversity, togetherwith the
disappearance of emersion surfaces and the storm and/or wave
intercalations, record a general deepeningeupwards trend and
more openewater conditions.

Rudistedominated facies developed in the Derdere and Kar-
ababa formations during the deposition of three sequences in the
Sabunsuyu section. Most rudist facies dominate in the HST phase.
The HST phase of sequence 2 is characterised by the presence of
Sauvagesia sp., Durania sp., Biradiolites sp., Durania acuticostata,
Sauvagesia sharpei and Bournonia? sp., Caprinula sp. (C. cf. sharpei),
Radiolites sp., Ichthyosarcolites triangularis and Neithea fleur-
iausiana, indicating a late Cenomanian age. The Derdere Formation
comprises poor planktonic foraminiferal assemblages, including
Asterohedbergella asterospinosa which is characteristic of the mid-
dle to upper Cenomanian. The rudist fauna of the Karababa For-
mation, characterised by the abundance of Bournonia excavata, is
dated as ConiacianeSantonian. The biogeography and correlation of
rudists identified here show a low diversity in comparison to those
of the northern Mediterranean Tethys, but are similar to recorded
occurrences from the southern margin and to the distribution and
diversity of these species towards the eastern part of the
Arabian Platform. The CenomanianeTuronian carbonate ramp in
the study area was dominated by rudists (Radiolitidae and Ich-
thyosarcolitidae), being the most significant benthic carbonate
producers, mainly in highstand systems tracts of sequences 1, 2 and
3.

A comparison of the sequenceestratigraphical framework with
that for adjacent areas (northern Sinai, Gulf of Suez and Jordan) and
with the global scheme of Haq (2014) reveals a few differences in
timing of sequence boundaries, which may be related mainly to
local/regional tectonic events that affected deposition in the study
area, as well as to minor seaelevel fluctuations. It is concluded here
that the depositional history of the CenomanianeTuronian
sequence examined was controlled by global eustatic sea level
change (Haq and AleQahtani, 2005; Haq, 2014) and a regional to
local tectonic effect (i.e., trusting and crustal loading) of the
development in the northern Arabian continental margin in
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southeast Turkey that began during the late Cenomanianeearly
Turonian.
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Ichthyosarcolites triangularis Desmarest (1817)
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Appendix
Bournonia excavata d’Orbigny (1842)
Bivalve:
Neithea fleuriausiana d’Orbigny (1847)
Pithonellid:
Calcisphaerula innominata Bonet (1956)
Pithonella ovalis Lorenz (1902)
Bonetocardiella conoidea Bonet (1956)
Planktonic foraminifera:
Asterohedbergella asterospinosa Hamaoui (1965)
Muricohedbergella planispira Tappan (1940)
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