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Abstract

This paper presents the first 87Sr/86Sr data and its geological implications for the entire
stratigraphic sequence of the Neogene Adana Basin, one of the largest basins in southern
Turkey (eastern Mediterranean). The Adana Basin is strategically located near the conver-
gence point of the African, Arabian, and Anatolian plates, making it vital for understanding
the regional geological history. In this study, 15 systematically collected samples from six
different formations within the Adana Basin were subjected to strontium isotope analysis
(87Sr/88Sr). The results were presented and interpreted for all units except the Handere For-
mation (Messinian fluvial, shallow marine-lagoon deposits). Notably, some of the corre-
sponding ages of the recorded 87Sr/88Sr results have contradicted the published biostrati-
graphic ages from the literature. To explain the observed deviations in the Guveng and
Kuzgun formations, geochemical, petrographic, and SEM analyses were conducted, reveal-
ing that these deviations are generally related to diagenetic alteration and the high detrital
content of the units. Additionally, fundamental palaeontological studies were carried out to
provide supporting information. The 87Sr/86Sr deviations observed in the shallow marine
units can be attributed to multiple factors, including short-term sea-level fluctuations, con-
tinental run-off, terrestrial feeding/riverine input, and volcanic activity during the late Torto-
nian—Messinian period. New field observations combined with 87Sr/86Sr data enabled the
differentiation of distinct reef carbonates with similar lithologies. These findings demonstrate
the formation of various reef levels through multiple short-term phases alongside a gradu-
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al regression of sea level in the basin during the late Miocene period.

1. INTRODUCTION

The Neogene Adana Basin, located in southern Turkey, holds
significant geological importance due to its proximity to the
triple junction of the Arabian, African, and Anatolian plates.
It is believed that the basin developed as a result of extensional
tectonics caused by the southward rollback of the African
plate, as proposed by ROBERTSON (1998). Over the years,
numerous general geological-stratigraphic studies have been
conducted in the region by researchers such as SCHMIDT
(1961), YETIS & DEMIRKOL (1986), YETIS et al. (1986),
UNLUGENC & DEMiRKOL (1988) and UNLUGENC (1986,
1993). Detailed discussions on the general stratigraphy and
geology of the Adana Basin were presented by YETIS (1988)
and UNLUGENC (1993), revealing its main sedimentary and
tectonic characteristics. More recently, NURLU et al. (2021)
reported ¥’Sr/*%Sr analysis for carbonatic tuffites in the Kuzgun
Formation, providing ages between 20 and 27 Ma, corresponding
to the Burdigalian—Chattian period. They suggested that these
tuffites were originally deposited during the Middle—Upper
Miocene and were later transported from a northerly source
area.

The basis of Sr isotope stratigraphy lies in the assumption
that the 87Sr/36Sr of seawater is relatively constant throughout
the earth’s oceans, with residence times of Sr in seawater
ranging from approximately 2.5 to 5 million years (BROEKER
& PENG, 1982; MCARTHUR, 1994) or even less (KUZNETSOV

et al., 2012), which is significantly greater than the mixing time
of the ocean (approximately 10° years). The study of Sr-isotope
(87Sr/86Sr) variations in Cenozoic seawater was first described
by BURKE et al. (1982) and further improved by KOEPNICK
et al. (1985, 1988) and ELDERFIELD (1986). Since then, the
Neogene Sr-isotope seawater curve has received considerable
attention and has been investigated by various researchers
(HODELL & WOODRUFF, 1994; OSLICK et al., 1994).
These advancements have led to the establishment of a detailed
marine Sr-isotope chronology for Neogene basins, based on
high precision measurements. Consequently, stratigraphic
studies, primarily reliant on palacontology and relative dating,
can now be supported by a chemical quantitative method based
on the Sr isotope composition of sediments. This chemical
approach has opened new avenues for understanding the geo-
chronological development of basins. However, it is important
to consider factors such as chemical weathering, soil formation,
and seasonal alterations that can affect the Sr isotopic compo-
sition in deposits (CAl et al., 2020). The dissolution of minerals
including biotite, feldspar, and plagioclase under different in-
tensities of chemical weathering can lead to variable 87Sr/*Sr
contents in water and sediment (YANG et al., 2007). Despite
these challenges, unexpected deviations in 8’St/*Sr ratios remain
crucial indicators for assessing diagenetic processes in rock
units, salinity reconstructions, sediment sources, and palaeo-
environmental evaluations (VEIZER, 1983; MCARTHUR et
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al., 2001; YANG et al., 2007, WIERZBOWSKI, 2013;
SCHILDGEN et al., 2014).

This paper aims to present the first strontium isotopic
composition (}7Sr/°Sr) and its geological implications for the
deposits from the Adana Basin. The available age determi-
nations were primarily based on micro-palaecontological
studies with limited single-unit (even member) isotopic
determinations. Strontium isotope stratigraphy of basin
sediments, besides determining the age of the sample in
question, allows facies correlations and provides more detailed
data about the basin’s evolution. In this study, the obtained
87S1/36Sr compositions of the units outcropping in the Adana
Basin are compared with the literature and are interpreted to
provide a foundation for further research. In addition, data
pertaining to late Miocene reefal sedimentation in the basin
and probable episodic relative sea-level changes during the
Tortonian—Messinian period (ILGAR et al., 2013), resulting
in transgressive sedimentation, are discussed.

2. Geological Setting and Stratigraphy

The Adana Basin was developed on the Palaeozoic and
Mesozoic basement units that form a south-verging imbricate
thrust stack in the south of the Taurus Mountain Belt in
southern Anatolia (BURTON-FERGUSON et al., 2005). The
Adana Basin is separated from the Iskenderun Basin by the
NE-SW trending Misis Mountain Range in the south. The
basin hosts a nearly 6000 m thick sedimentary succession,
spanning rock units from the Miocene to the recent (BURTON-
FERGUSON et al., 2005). According to the latest geodynamic
models, the Adana Basin lies above the zone of Cenozoic
suturing between the Afro-Arabian and Eurasian plates
(DEWEY & SENGOR, 1979; SENGOR & YILMAZ, 1981;
ROBERTSON & DIXON, 1984; GEALEY, 1988; KAHLE et
al., 2000; REILINGER et al., 2010; MAHMOUD et al., 2013).

The timing of the collision between the Arabian and
Anatolian plates has been debated. Some suggest it occurred
during the late Cenozoic (KELLING et al., 1987) or middle
Miocene (SENGOR, 1979; SENGOR & YILMAZ, 1981;
DEWEY etal., 1986). More recent studies propose an Eocene—
Miocene age (HEMPTON, 1985; YILMAZ, 1993). This
extension stretches from the Mediterranean Sea to Kyrenia.
Following the continental collision, the continued northward
movement of the Arabian Plate along the Southeastern
Anatolian Orogenic Belt resulted in intense compressional
deformation, thickening the eastern Anatolian crust. Further
shortening in the region led to the formation of two major fault
zones namely the North Anatolian Fault Zone (NAFZ) and the
East Anatolian Fault Zone (EAFZ) (ALBORA et al., 2006;
BARKA & KADINSKY-CADE, 1988; PERINCEK &
CEMEN, 1990).

Within this tectonic framework, the Neogene sequence of
the Adana Basin fill is represented by seven formations (Figs.
1, 2) representing different facies characteristics, and developed
just south of the eastern Taurus Mountain range. It has been
reported that these formations were deposited due to extensive
subsidence in the basin during the early and middle Miocene
(UNLUGENC & AKINCI, 2020). This thick sedimentary
sequence can be divided into pre-transgressive, transgressive,
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and regressive sequences. The pre-transgressive Gildirli
Formation was deposited during the late Oligocene—early
Miocene and is exposed on the northern flank of the basin
(UNLUGENC, 1993; UNLUGENC & AKINCI, 2020).
During the early Miocene, the Adana Basin experienced rapid
subsidence driven by extensional tectonics, leading to marine
incursions and gradual sedimentary infilling. This was
followed by a significant northward marine transgression
during the Langhian—Serravallian, resulting in a thick
sedimentary accumulation. By the Tortonian—Messinian,
subsidence decreased, indicating a shift in sediment transport
regimes due to tectonic uplift and sea-level changes. Late
Miocene to Pliocene compressional events further reshaped
the basin, influenced by sinistral fault movements that defined
its current structure (UNLUGENC, 1986, 1993; UNLUGENC
& DEMIRKOL, 1988; UNLUGENC & AKINCI, 2020;
AKINCI & UNLUGENC, 2021; AKINCI et al., 2023).

A possible marine inundation from the south during the
early Miocene led to the deposition of a transgressive sequence,
including the Kaplankaya, Karaisali, Cingdz, and Giiveng
Formations which make up most of the Adana Basin fill
(UNLUGENC, 1993; UNLUGENC & AKINCI, 2020). While
the Kaplankaya and Karaisal1 Formations characterise the
main Miocene shallow-marine/platform deposits in the Adana
Basin, the turbiditic Cing6z Formation represents sedimentation
in the deeper parts of the basin (OZCELIK & YETIS, 1994).
The Kaplankaya Formation includes a wide range of facies
deposited in the shallow parts of the basin along with the reefal
Karaisali Formation. The Giliven¢ Formation, which is
generally dominated by lithologies including shale and
mudstone, covers the fore reef, deep sea, and shallow sea facies
stratigraphically from bottom to top (OZCELIK & YETIS,
1994). The Kuzgun Formation, which overlies the Giiveng
Formation with a low-angle unconformity, began with levels
consisting of coastal, beach, and meandering river sediments,
indicating the early stages of the regressive period in the basin
(UNLUGENC et al., 2019). ILGAR et al. (2013), suggesting
that a short-lived relative sea level rise that led the shallow-
marine sedimentation in the early Tortonian was accompanied
by a second generation of reefal limestones along the basin
margin (Fig. 2). The Messinian-Pliocene Handere Formation
consists of sandstone, siltstone, and terrestrial sediments
including marl and gypsum. It overlies the Kuzgun Formation
with a low-angle unconformity and is, in turn, unconformably
overlain by Quaternary Terrace-Caliche and Alluvium deposits
(UNLUGENC, 1993; SINACI, 2010; SAFAK et al., 2021).

2.1. The Gildirli Formation

The Gildirli Formation is a pre-transgressive continental
conglomeratic unit, underlying the Miocene sediments of the
Adana Basin (UNLUGENC, 1993; DERMAN & GURBUZ,
2007). This formation crops out around the Akdam, Gildirli,
and Karakili¢ villages and is dominated by alternations of
conglomerate, sandstone, shale, and mudstone. The unit is
observed to fills the irregular pre-Miocene topography formed
by Mesozoic and Palaeozoic rock units. Conglomerates and
other clastic sediments within the unit are generally alluvial
in character and present a distinct reddish colour. The reddish-
brown, thick to very thick-bedded conglomerates display
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Figure 2. Stratigraphic column showing the relationships of the units in the Adana basin (modified after ILGAR et al., 2013 and UNLUGENC, 1993)

2.2. The Kaplankaya and Karaisali Formations

These two closely related units together represent the Miocene
shallow-marine/platform deposits in the basin (UNLUGENC
& AKINCI, 2020). The Kaplankaya Formation includes
alternations of conglomerates, sandstones, mudstones, shales,
and marls. The unit is exposed in the northern part of the
Adana Basin around the Arapali, Giiliislii, Tagobasi, Cokak,
Kog¢marli, and Hankas1 villages (Fig. 1). The Kaplankaya
Formation was deposited in a shallow marine environment

close to the shore, surrounding the reefal Karaisali limestone.
It transitions into the turbiditic Cingdz Formation in the deeper
parts of the basin in the east/northeast of the Karaisali district
and passes into the deeper marine Giiveng Formation in the
south (Fig. 2). The Kaplankaya Formation unconformably
overlies the Gildirli Formation, Mesozoic—Palaeozoic
basement rocks, and the Oligocene Karsant1 Formation. The
sedimentary environments represented in this unit include an
alluvial fan type setting at the lower levels, passing upward
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into a fan delta and shallow marine environment. The fossil
evidence indicates that the Kaplankaya Formation was
deposited during lower—middle Miocene time (UNLUGENC,
1993). The Karaisali Formation comprises massive and thick-
bedded reefal carbonates and is exposed along the northern
margin of the Adana Basin, especially around the western part
of the Karaisal1 district. The unit includes corals, coralline
algae, molluscs, echinoderms, foraminifera, and minor
bryozoans. The carbonate rocks of the unit were deposited on
pre-Miocene topographical highs and are represented by coral
wackestone, packstone, and benthic foraminiferal packstone
subfacies that form the talus deposits on the submarine fore-
reef slopes (YALCIN & GORUR, 1984). TARAF et al. (2013)
identified three facies and nine microfacies pointing to
different parts of the reef, especially based on the lithology and
fossil content of the unit. The carbonates of the Karaisali
Formation are seen in the form of both barrier and patch reefs
and microfossil determinations have been reported to indicate
a Burdigalian—Langhian time interval of deposition
(UNLUGENC, 1993). According to ILGAR et al. (2013), the
Cing6z and Giiveng formations are laterally transitional and
conformably overlie the Kaplankaya Fm (Fig. 2). The Karaisali
and closely associated (interfingering) clastic Kaplankaya
Formations rest directly on the Palacozoic units and the
Gildirli Formation with an angular unconformity. In the NW
of the Karaisali district, the Kaplankaya Formation
unconformably overlain by a thin layer of reef carbonates.

2.3. The Cing6z Formation

The Cing6z Formation is a turbiditic submarine-fan unit that
crops out widely in the northern part of the Adana Basin,
around the Cingdz, Kusgusofulu, Eglence, Nergizlik, and
Egner villages. The unit forms two large submarine fans in the
east of the Karaisal1 district, a major one to the east and a
smaller one to the west. The Cing6z Formation comprises
alternations of sandstones, pebbly sandstones, shales,
mudstones, and marls. The sandstones exhibit both lenticular
and parallel bedding, erosional bases and include slumps and
abundant sole marks. Additionally, the sandstones show a
partial “Bouma Sequence”. Pebbly sandstones and occasional
conglomerates are observed to have been deposited as
submarine channel fills. The grain size of the clastics in the unit
decreases towards the south indicating a southward transport.
The Cingdz Formation rests on the Gildirli and Kaplankaya
Formations with a locally erosive contact (UNLUGENC &
SAFAK, 1992). The western submarine fan system of the
Cingdz Formation has been supplied through a major channel
formed by a palaeo-valley (DERMAN & GURBUZ, 2007).
According to their fossil determinations, NAZIK & GURBUZ
(1992) documented that the Cingdz Formation was deposited
during the late Burdigalian—Serravallian interval.

2.4. The Guveng Formation

The Giiven¢ Formation is characterized by the alternations of
shales, mudstones, siltstones, marls, and fine-grained
sandstones. The fine-grained clastic rocks of the unit are bluish
to greenish-grey in colour, thinly parallel bedded, with
convolute lamination. They are also carbonaceous and include
abundant microfauna. The Giiven¢ Formation is exposed

mainly in the eastern and south-eastern parts of the Karaisali
district, around the Gliveng, Sevingli, and Catalan villages (Fig.
1). SAFAK & UNLUGENC (1992) reported that the Kaplankaya
Formation conformably overlies the Gildirli Formation and
grades vertically and laterally into the Karaisali Formation
limestones (Fig. 2). Defining the boundary between the Cingdz
and Giiveng formations is challenging due to the gradual
deepening of the depositional environment (UNLUGENC,
1993). The Giiveng Formation represents a shoaling upward
sequence toward the south and passes upward into the Kuzgun
Formation with a low degree angular discordance that
characterises the beginning of the regressive cycle in the basin.

2.5. Late Miocene Carbonates

Late Miocene reefal carbonate deposits were described by
ATABEY et al. (2000) as the Tirtar Formation in the adjacent
westerly Mut Basin. The units are generally considered to be
the slightly younger (late Miocene) counterparts of the early-
middle Miocene Karaisali and Kaplankaya formations (Early—
Middle Miocene) in the Adana Basin. In the Central Taurus
Miocene basins adjacent to the Adana Basin, the late Miocene
aged Tirtar and Balli formations unconformably overlie the
middle Miocene sediments (ATABEY et al., 2000). These
younger carbonates consist of reefal limestones similar to the
underlying Karaisali Formation. The Balli formation, like the
Kaplankaya Formation in the Adana Basin, consists of fine-
grained clastics, marl and other semi-pelagic and pelagic
sediments deposited around and beyond the reef and platform
carbonates (ATABEY et al., 2000). These units were first
presented in the stratigraphy of the Adana Basin by ILGAR et
al. (2013) but was not mapped in detail (Fig. 2). The authors
suggest that the transgression (relative sea-level rise) initiated
a second generation of reef formation with shallow-marine
sedimentation along the basin margin in the early Tortonian,
the late Miocene reef carbonates, deposited on the older reefal
limestones of the Karaisali Formation. Similar young reefal
carbonate formations occur as patches in the southern parts of
Adana city centre, around the neighbourhoods of Kokliice and
Alihocali, where they are being exploited as limestone quarries
for construction and cement production.

2.6. The Kuzgun Formation

Fine-grained clastic sediments of the Giiven¢ Formation are
unconformably overlain by coarser-grained deposits of the
Kuzgun Formation. Although, the boundary is discordant, the
exact duration of the hiatus is not well defined. The Kuzgun
Formation mainly outcrops around the Kuzgun, Salbas,
Karakuyu, and Kagoba villages (NW Adana). Three facies
types were differentiated in the unit (UNLUGENC, 1993). At
the base, the formation begins with channelized conglomerates,
followed by cross-bedded sandy conglomerates, sandstones,
and mudstones rich in oysters and shells, which are referred
to as the Kuzgun Member. This member represents the
characteristics of meandering river and beach deposits and
passes upwards into flood plain facies (UNLUGENC, 1993).
A tuffite-dominated volcanoclastic-marl-shale alternating
sequence located at the top of this member is known as the
Salbas Tuffite member. In their study on these tuffites, SAFAK
et al. (2021) determined that based on the biostratigraphic
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findings, the environment was lagoonal, transitioning to
shallower marine conditions with a deepening trend upwards.
Located at the top of the formation, the Memisli member rests
stratigraphically on the Salbag Tuffite member and consists of
thickening and coarsening upward sandy-silty sequences
characterising deltaic facies. The Kuzgun Formation
transitionally passes upward into the Handere Formation.

2.7. The Handere Formation

The youngest Neogene unit of the Adana Basin, the Handere
Formation, transitionally overlies the Memisli member of the
Kuzgun Formation in the southernmost part of the basin. The
unit crops out along an approximately east-west trend in the
northern parts of the Adana city centre and is discordantly
overlain by Quaternary terrace-caliche deposits. The Handere
Formation consists of sandstones, mudstones, marls, and
conglomerates of fluvial, shallow marine, and lagoonal
character (UNLUGENC, 1993). Although cross-bedded and
channelised conglomeratic deposits, (mainly located at the
base levels) are indicative of a fluvial origin, GURBUZ (1985)
reported that the conglomeratic sequences exposed in the east
of the Seyhan Dam include some shallow marine intercalations.
These sandy and conglomeratic deposits are succeeded by
sandy-silty sediments and then pass upwards into thick,
fossiliferous carbonaceous mudstone deposits. Towards the
top of the unit these fine-grained clastics are succeeded by less
well cemented sandstones and siltstones including gypsiferous
lenses known as the Gokkuyu Gypsum member (Fig. 2).

3. METHODOLOGY

Seawater isotope composition is uniform across modern
oceans due to the relatively long residence time of strontium
(1-5'% years) (MCARTHUR, 1994; MCARTHUR et al., 2012;
KUZNETSOV et al., 2012) and the short mixing time of water
masses (JONES & JENKYNS, 2001). Therefore, the Sr isotope
ratio (47Sr/*¢Sr) of ancient seawater can be constructed from
well-preserved authigenic minerals and used for studying the
stratigraphy of marine sediments. The variation in the isotope
composition of Sr may also be a marker of diagenetic alteration
and can be used to evaluate fluid-rock interactions of marine
rocks (ULLMAN et al., 2013).

The Sr contents of seawater vary due to several factors:
(a) the amount of high ¥7Sr/%6Sr terrigenous detritus entering
the ocean from continental weathering relative to the low
87Sr/36Sr contents of oceanic crust due to hydrothermal
exchange at mid-ocean ridges; and (b) the seafloor dissolution
of carbonates acting as a buffer by adding Sr at a similar ratio
to seawater (OSLICK et al., 1994; MCARTHUR, 1994). The
diagenetic carbonate flux is an order of magnitude less than
the erosional and hydrothermal fluxes. Much effort has been
directed at constraining the shape of the Sr ratio curve over
time (MILLER et al., 1991; OSLICK et al., 1994; GLEASON
et al., 2002). Thus, the highest temporal resolution is obtained
for portions of the seawater curve that exhibit the highest rate
of change in the 37Sr/%6Sr ratio as a function of time. There was
an acceptable rate of change throughout the late Miocene. In
the Mediterranean region, the Sr isotopic methods failed
because the basins were constrained and the strontium isotope
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ratio was affected by a change in the freshwater to seawater
ratio, resulting in anomalous 37Sr/%%Sr ratios in the Messinian
period (FLECKER & ELLAM, 2006).

Strontium is derived from biogenic carbonate, which is the
major sink of Sr in the oceans (BRASS, 1976; HODELL, 1994).
Organisms that form carbonate shells do not fractionate Sr
isotopes. Therefore, it is reasonable to assume that the #’Sr/*°Sr
ratio in biogenic carbonate reflects the seawater composition
at the time of precipitation. For strontium analysis, composite
samples of benthic foraminifera, gastropods, marls, and
carbonatic clastics were selected from the specific sites of the
Adana Basin (Fig. 1). A leaching process was carried out in
order to remove the residues related to contamination after the
samples were ground into rock powder. This process was
performed using diluted HNO; in an ultrasonic bath to
eliminate surface contamination and detrital impurities prior
to geochemical studies. Three repetitive ultrasonic baths with
double distilled water were used to clean the gastropod/ostrea
tests. Strontium isotope analyses (¥’Sr/*Sr) were performed at
the Radiogenic Isotope Laboratory of Middle East Technical
University, Ankara, Turkey. Chemical treatment and column
chemistry were performed in a 100-class clean laboratory with
ultrapure chemical agents. Powdered rock samples (approxi-
mately 120 mg) were leached with 4 ml of 14 N HNO; for 4
days on the hot plate (>100 °C). These samples were dried and
dissolved overnight in 4 ml 6 N HCl on the hot plate. Afterward,
samples were re-dried, then dissolved in 1 ml 2.5 N HCl for Sr
chromatography. Strontium was separated from other elements
in 2 ml volume BioRad AG50 W-X8 (100—200 mesh) resin in
Teflon columns in a 2.5 N HCl medium. Strontium was loaded
on single Re filaments with 0.005 N H;PO,4 and Ta activator to
improve efficiency. 37Sr/®0Sr ratios are normalized with
86S1/38Sr = 0.1194. Measurements were made by multicollection
using the Triton Thermal lonization Mass Spectrometer
(Thermo-Fisher). During the analyses the St NBS 987 standard
was measured as 0.710260 + 10 (n = 3) and no bias correction
was applied on the measured Sr isotope data. The analytical
uncertainties were determined to be at the 2 sigma level.
Further details of the isotope methods that followed at the
laboratory are described by KOKSAL et al. (2019).

Since diagenetic alteration could potentially alter the
original Sr composition in the rocks, thin sections were
prepared from the collected hand samples and examined in
detail under a polarizing microscope to determine whether
they had undergone any alteration. An elementary
palaeontological study was carried out to test the 8’Sr/%6Sr age
data for the Cingdz and Giiveng formations, which were
thought to be affected by diagenetic alteration. For this
purpose, some of the collected rock samples of these units
crushed and treated with hot water and 15% diluted hydrogen
peroxide (H,0,) in glass beakers for at least 24 hours. The
disaggregated residues later were subsequently washed
through 0.60, 0.120, and 0.230 mm mesh sieves and placed in
sample bags after oven drying. The microfossils were separated
from grains under the microscope and placed on slides for
taxonomic identification. SEM photomicrographs of the
identified fossils were captured using the FEI Quanta 650 in
the Central Research Laboratory of Cukurova University.
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Sedimentological logs were prepared from the Sr sampling
sites to reveal the general sedimentological characteristics of
the unit at that level.

Ca, Fe, Mg and Mn concentrations used in diagenetic
alteration assessment were determined in the Cukurova
University Geological Engineering Department Geochemistry
Laboratory with Wet Chemical methods and using Atomic
Absorption Spectrometer (Perkin Elmer Aanalyst 700). Sr
concentration measurement was performed in Cukurova
University’s Central Laboratory using an AAS (Perkin Elmer
PinAAcle 900T).

4. ASSESSMENT OF DIAGENETIC ALTERATION

Diagenesis of sedimentary rocks may lead to decreased con-
centrations of Sr and increased Mn and Fe (e.g., BRAND &
VEIZER, 1980; VEIZER, 1983; AL-AASM & VEIZER,
1986). Marine carbonates reflect the strontium isotopic com-
position of ambient seawater, which allows determination of
the time of mineral formation if not affected by advanced di-
agenesis (HOWARTH & MCARTHUR, 1997; MCARTHUR
etal., 2001; MCARTHUR et al., 2012). Although the 3”Sr/*¢Sr
compositions are preferably measured on fossil shells such as
oysters and pectinids because of their high preservation po-
tential and reliability (SCASSO et al., 2001; SCHNEIDER et
al., 2009; BRANDANO & POLICICCHIO, 2012; VESCOGNI
etal., 2014; ARGENTINO et al., 2017), sufficient quantities of
fossil shells for 87Sr/%6Sr analysis may not be available in all
cases (e.g. for units dominated by planktonic species). In ad-
dition, it is not possible to extract tests from strongly cemented
reef carbonates. Nevertheless, we have ensured through widely
used petrographic methods such as thin sections and SEM im-
ages that it has not been subjected to significant diagenetic al-
terations. In this study, oyster and gastropod fossil shells were
used in one of the six units (Kuzgun Formation) for 87Sr/%Sr
analysis, however, this was not possible for the other units due
to insufficient fossilised shell content for comprehensive anal-
ysis (Tables 1, 2). For this reason, geochemical, petrographic
evaluation of thin sections and SEM images were used to as-
sess bulk samples, and any effects of diagenetic alteration in
potentially altered samples will be considered in subsequent
geological evaluations.

4.1. Thin-section examination

Carbonate rocks are exposed to especially meteoric and
groundwater during diagenesis and therefore they can show
alteration. The investigated carbonate rocks in the Adana Ba-
sin are Miocene in age and have been uplifted (between 150-
600 m) by gradual regression (UNLUGENC, 1993; UNLU-
GENC & AKINCI, 2020) since this period, and it is unlikely
that they have undergone metasomatism due to deep burial. In
this case, carbonate material could be dissolved by the acidic
waters and secondary carbonate or ferrous/silica mineraliza-
tion can be present along micro-cracks or pores. In addition,
secondary dolomitization with magnesium enrichment can
also be seen. These alteration features can be determined by
petrographic examinations made on thin sections under a po-
larizing microscope. Thus, carbonate rocks that lack abundant
secondary crystallisation, dolomitization, or iron enrichment,
and have preserved their original fossil and textural character-

Table 1. Geochemical analysis results (trace element concentrations) of the studied rock samples.

Mn/Sr

% Ca % Mg Fe (ppm) Mn (ppm) Sr (ppm) Mg/Ca Fe/Sr

Sample Code Sample Type 875r/86Sr

Unit

1.55 1090 175 7519 0.073 1.45 0.23

21.31

0.708967

Ostrea shell

Kz-1

2349 448.8 0.038 1.52 5.23

Kz-2 Ostrea shell 0.709172 33.89 680

Kuzgun Fm.

0.81 380 1620 4679 0.023 0.81 3.46

35.86

0.70916

Gastropod shell

Kz-3

110.8 508.9 0.032 2.36 0.22

1200

37.29 118

T2 Bulk rock - Limestone 0.708962

L. Miocene Reef Carbonates

2.10

9.48 2.63 3130 586.4 279 0.277 11.22

0.708646

Clayey Limestone

G-1

0.390 15.59 2.82

231

652.5

Calcareous detritic 0.708292 8.51 3600

G-2

Gliveng Fm.

793 3.15 3880 685.2 246.9 0.397 15.71 2.78

Calcareous detritic 0.708149

G-3

2.77

3340 633.7 229 0.308 14.59

2.52

8.19

Calcareous detritic 0.708848

C1

3.23

30.52

0.269

n7

1.66 3570 378.3

6.16

2 Calcareous detritic 0.70825

Cing6z Fm.

17.85 3.75 2550 3654 3154 0.210 8.08 1.16

0.708236

Clayey Limestone

1.99 1040 202.6 847.8 0.067 1.23 0.24

29.6

Bulk rock - Limestone 0.708909

K-2

Kaplankaya/Karaisali Fm.

67

4.65 0.53

2554 480 0.142

2.79 2230

19.64

Bulk rock - Limestone 0.708954

K-4
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Table 2. 87Sr/8Sr isotopic results and corresponding age ranges of the analysed samples with literature sources. 3 of 15 samples were returned without results from the laboratory. Standard errors belong to the last one

or two digits (e.g.: £0.000006 or +0.000018).87Sr/86Sr results corrected for the NBS 987 standard and were measured as 0.71026010 (n

=3).

Literature Age (Paleontologic)

87Sr/86Sr age range(ma)/stage

std error*

87Gy/86Sy

Sample Type

Sample Code

Unit

NA

No Result

Bulk rock - Marl

H-1

Merssinian - Pliocene (SCHMIDT, 1961, GURBUZ 1985,

Handere Fm.

UNLUGENC 1993,).

NA

No Result

Bulk rock — Marl

H-2

7.4+2 ma/ Tortonian — Messinian

+10
+14
+16

0.708967
0.709172

Ostrea shell

Kz-1

Late Miocene (SCHMIDT, 1967; ILKER, 1975; YALCIN & GORUR

1984); Tortonian (YETIS, 1988, OGRUNC, 2001)

1+0.5 ma/ Pleistocene

Ostrea shell
Gastropod shell

Kz-2

Kuzgun Fm.

1.340.7 ma/ Pliocene - Pleistocene

0.70916
No Result

Kz-3
T-1

NA

Bulk rock - Limestone

L. Miocene/Tortonian (ILGAR et al., 2013)

L. Miocene Reef Carbonates

7.3+2.1 ma/ Tortonian — Messinian

+12
+15
+15

0.708962
0.708646
0.708292
0.708149
0.708848

Bulk rock - Limestone

T2

Burdigalian - Langhian (YETIS, 1994) Serravallian (NAZIK &
GURBUZ, 1992). Langhian - Serravallian (NAZIK, 1983, This

16.9£0.9 ma/ Burdigalian - Langhian

Clayey Limestone

G-1

22+1.2 ma/ Aquitanian

Calcareous detritic
Calcareous detritic
Calcareous detritic
Calcareous detritic
Clayey Limestone

G-2

Glveng Fm.

study)

25+0.6 ma / Chattian
12+2.1 ma/ Serravalian - Tortonian

G-3

Late Burdigalian - early Serravallian (NAZIK & GURBUZ,

+15

1992); late Burdigalian - Serravallian (SAFAK, 1993),

23+1.3 ma/ Chattian - Aquitanian

0.70825
0.708236
0.708909

C2

Cingbz Fm.

Burdigalian - ?Serravallian (This study)

22.8+1.5 ma/ Chattian - Aquitanian

+10

G3

10+2.5 ma/ Serravallian - Tortonian

Bulk rock - Marl

Lower-middle Miocene* (UNLUGENG, 1993), L. Burdigalian

Kaplankaya/Karaisali Fm.

- Serravallian (SINACI, 2010)

9.5+2.4 ma/ Serravallian — Tortonian

+15

0.708954

Bulk rock - Marl

K-4
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istics, are considered to have undergone minimal diagenetic
alteration.

The carbonate rocks compiled for Sr isotope analysis from
the Late Miocene carbonates (Figs. 3a-c) show a boundstone
texture expressing the reefal facies and dominated by algae.
The rock also contains small amounts of microfossils and is
cemented by sparite. It does not show any significant
recrystallization in thin section examination, and it largely
preserves its original texture. The samples collected from the
Kaplankaya Fm. contain abundant microfossils (mostly
foraminifera) and include a small amount of (5-10%) detrital
fragments in a relatively fine-crystalline sparry calcite cement
(packstone) (Figs. 3d-f). The rock lacks cracks/pores, exhibits
no recrystallization, and preserves its original sedimentary
texture without showing significant signs of alteration.

The sampling for Sr isotope analysis from the Cing6z and
Giiveng formations is the most suspicious in terms of diagenetic
alteration. Due to the sedimentological characteristics of these
units (deep sea/continental slope environment), it is challenging
to obtain sufficient shell material or primary pure carbonate
rock samples. However, a challenge was undertaken by
compiling and analysing the marl samples with the highest
possible chemical carbonate content. Due to the nature of the
rocks being easily fragmented, comminution occurred during
the preparation of thin sections. Therefore, thin sections were
prepared using resin. However, in thin section examination,
both the Cingdz Formation (Fig. 3g-i) and the Giiveng
Formation (Fig. 3j-1) proved to be rich in detritus (15-25%) and
show significant alteration traces. This situation can also be
seen in SEM images of the fossil shells (Fig. 4) and geochemical
analysis (high Fe and Mn concentrations). For this reason, the
effect of diagenetic alteration was considered for these two
units and performed a basic biostratigraphic study to test
obtained 87Sr/*%Sr ages for these units.

Only oyster and gastropod shells were used for Srisotope
analysis of the Kuzgun Formation, which has been abundant
in the unit. In the preparation of powder samples from shells,
first the outer surface of the shell was washed and dried to
minimize any potential alteration. A thin section was prepared
in order to determine whether there is widespread alteration
in the unit (Fig. 3m-o0). In the examination, it was observed
that the rock is composed of marl (Fig. 3m, n) and carbonate
mudstone. No secondary mineralization was encountered, and
it does not show any significant alteration traces identified
from the images. Although the laboratory couldn’t measure
the Sr ratio of the Handere Formation, the thin-section images
of the samples compiled for the Handere Formation (Figs. 3p-
s) were also examined. These samples are partly fossiliferous
in a micrite cement, their primary sedimentary features are
preserved and they do not bear any significant alteration traces.
However, secondary calcite likely affected the strontium
composition somehow, since the unit was highly calcified at
some levels.

4.2. Geochemical Analysis

Several geochemical analysis techniques are available to
evaluate the diagenetic effects in sedimentary rocks post-
deposition. To assess the degree of post-depositional changes
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Figure 3. Thin-section photomicrographs of bulk-rock samples collected from the field for 8Sr/%6Sr analysis: a) T-1 (Tirtar Fm.); b-c) T-2 (Tirtar Fm.); d) K-1
(Kaplankaya Fm.); e-f) K-2 (Kaplankaya Fm.); g) C-1 (Cingdz Fm. (prepared in resin)); h-i) C-3 (Cing6z Fm.); j) G-1 (Glvencg Fm. (prepared in resin)), k-1) G-2
(Glveng Fm.); m) Kz-1 (Kuzgun Fm. (oyster shells used for Sr analysis of Kuzgun Fm.)), n) Kz-2 Kuzgun Fm.; 0) Kz-3 (Kuzgun Fm.); p-r) H-1 (Handere Fm.),
s) H-2 (Handere Fm.). While the primary diagenetic features seem to be preserved in the Kaplankaya and Karaisali formations, an excess of clastic mate-
rial and some diagenetic differentiation can be observed in the Cing6z and Gliveng formations. See text for further explanations.

in carbonate rocks and shells there are several criteria in world  al., 1995; KUZNETSOV et al., 1997, SEMIKHATOV et al.,
practice: Mn/Sr <1.5 and Rb/Sr <0.004 (ASMEROM et al.,  1998) Mg/Ca<0.608, Mn/Sr<1.2, Fe/Sr<3.0 (KUZNETSOV et
1991), Mn/Sr <1, Rb/Sr <0.002, and Ca/Sr <1000 (DERRY et  al.,2003). Table 1 shows the results of the geochemical analysis
al., 1992), Mn/Sr<1.5 and Rb/Sr<0.0005 (KAUFMAN et al.,  for the samples with 37Sr/%6Sr results. In this study, it was
1993), Mg/Ca<0.024, Mn/Sr<0.2, Fe/Sr<5.0 (GOROKHOV et  evaluated according to KUZNETSOV et al. (2003, 2012),
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Figure 4. SEM images of fossil shells found in the Gliveng (above - Globigerinoides sp.) and Cing6z (below - Orbulina suturalis) formations. Images indi-
cate that the units considerably affected by alteration marked by significantly etched surfaces; indistinct and fused nacreous tablets. Also secondary

calcification can be seen in right bottom image (mag=4000X).

which is one of the most recent studies in the evaluation of
diagenetic alteration. According to the results, it is seen that the
Mg/Ca and Fe/Sr ratios are very high and may lead to deviations
in the ¥7Sr/30Sr ratios of the Giiveng (Mg/Canqx=0.39; Fe/
Stmax=15.71) and Cing6z formations (Fe/Srp,=30.52).
Exceptionally high Mn concentrations were observed in two
samples (Kz-2, Kz-3) from oyster and gastropod shells collected
from the Kuzgun Formation (5.23 and 3.46 Mn/Sr, respectively).
The geochemical results for other units were within or near
acceptable limits. Geochemical analysis results are generally
consistent with petrographic and SEM data, suggesting that
reliable 37Sr/%Sr results are hindered in clastic sediment-
dominated units (e.g., Giiveng and Cing6z formations).

Early marine diagenesis is also a critical stage in the dia-
genetic history of shallow-water carbonate sediments, playing
a key role in the transformation of metastable CaCOs poly-
morphs, e.g. aragonite and high-Mg calcite, into the stable
low-Mg calcite (HIGGINS et al., 2018). Although it leaves
subtle textural evidence, it significantly impacts primary geo-
chemical signatures, altering stable isotopic ratios and elemental

compositions, which is crucial for interpreting sedimentary
records. The chemical evolution of pore fluids during early
marine diagenesis and their interaction with sediment composi-
tion are central to the mineralogical and geochemical changes
observed in ancient shallow-water carbonate sediments. This
process may have caused variations in the Sr isotope ratios of
units deposited in the basin, particularly during the Upper
Miocene and Pliocene.

5. RESULTS

The general stratification in the Adana Basin is oriented east-
west and dips southward. Sampling and cross-section mea-
surements for strontium analysis and stratigraphic interpreta-
tion were carried out approximately along a north-south
oriented section within the Adana Basin (Fig. 1). Thus, the
results aimed to minimize the influence of lateral facies
changes. The selected sections are the locations where the
units present their typical characteristics. When collecting Sr
samples, there was a general attempt to compile a selection
from different stratigraphic levels of the unit. Sedimentary
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Kaplankaya Fm

Kaplankaya Fm

Figure 5. Representative outcrop photos of various geological formations showing their in-situ lithological characteristics and stratigraphic relation-
ships in the Adana Basin: a,c,d) Outcrop view of the Kaplankaya and L. Miocene reef carbonates at NE of Karaisali district (please note that the faulting
in Kaplankaya Fm. does not affect the overlying Late Miocene reef carbonates); b) Sandstone-siltstone-shale alternations of the Cingéz Fm. from east
of Nergizlik village; e) Road-cut exposure of the Gliveng Fm. near the Giiveng village; f) Outcrop view of the Kuzgun Fm. at the south of Salbas village;
g) Close view of the Late Miocene reef limestones including algae prints.
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logs were taken from places where sampling was undertaken
and where the characteristics of the units could be clearly
observed and are presented separately for each unit below.

5.1. The Kaplankaya Formation

Sampling and stratigraphic logging for the Kaplankaya
Formation (Figs. Sa, ¢, d) was undertaken around the village
of Giiliislii (36 S 679674.39 d E/ 4127318.27 m N). Along the
section, the Kaplankaya Formation is overlain by the Late
Miocene reefal limestones and has a thickness of around 40-
50 metres. Field observations were performed along a road cut

Geologia Croatica 78/1

between the villages of Karaisali and Giiliiglii. The unit
consists of mudstone and marls containing lamellibranch and
conus shells. Three samples (marl) were collected for strontium
analysis throughout the investigated section. The two studied
sedimentary sections of the Kaplankaya Formation are shown
in Figure 6.

The 87Sr/%Sr result of one of the three samples of the
Kaplankaya Formation could not be successfully obtained in
the laboratory. The available 8’Sr/*Sr age data of the two other
samples yielded ages 9.5+2.4 Ma and 10£2.5 Ma coinciding
the Serravallian-Tortonian interval (Fig. 7e).
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Figure 6. Measured sedimentological logs of the Kaplankaya Formation showing the sampling levels (K-2 at left and K-4 at right) for the Sr analysis (see

Fig. 1 for locations).
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5.2. The Cing6z Formation

Stratigraphic logging and sampling for 8Sr/8Sr analysis of the
Cing6z Formation (Figs. 5b, 8) were performed along with the
road cuts on the main road connecting the Karaisali district
centre to the village of Kizildag in the northeast (36 S
683730.00 d E /4131183.00 m N). Samples were collected from
three different stratigraphic levels; from the contact with the
overlying Giiven¢ Formation in the south and towards the
lowest levels of the unit in the north (Cl-bottom, C2-middle,
C3-top in Fig.1). This section constitutes the western submarine
fan of the turbiditic Cingdz Formation. A fining upward trend
in grain size of the unit comprising alternations of sandstone,
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shale, and marl was observed along the section towards the
distal zone to the south. The studied sedimentary sections of
the Cingdz Formation are presented in Figure 8.

Sr isotope analysis results derived from the samples
collected from the Cingdz Formation (Table 2), yielded ages
ranging from 23+1.3 Ma (Chattian—Aquitanian) to 12+2.1 Ma
(Serravallian—Tortonian) (youngest) (Fig. 7d).

To assess the compatibility of the 87Sr/*Sr ages, biostra-
tigraphic dating was applied to samples collected from the
Cingdz Formation due to the high clastic content and diagenetic
alteration. In the samples compiled from the unit; Neomono-
ceratina cf. mouliana, Cyamocytheridea sp., Neomonoceratina
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Figure 7. Graphs showing the obtained & Sr/85r Isotopic age data for all the units studied, presented on the Sr variation curve of MCARTHURET al.
(2001); a) Kuzgun Fm.; b) L. Miocene reef carbonates; c) Gliveng Fm.; d) Cingdz Fm.; e) Kaplankaya Fm.
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Figure 8. Sedimentological logs measured from the Cingdz Formation showing the levels of the sampling for Sr analysis (see Figure 1 for locations).

sp., Thalmannia hodgii, Tenedocythere prava, Acantocythereis
hystrix, Orbulina suturalis, Orbulina universa, Orbulina bilo-
bata, Globigerinoides bollii species were identified which are
all indicative of a wide ranging Burdigalian—Serravallian
interval (Fig. 9).

5.3. The Giiveng Formation

Sampling for strontium isotope analyses and sedimentary
logging of the Giiveng Formation (Figs. Se, 10) were performed
along the highway between Giiveng village in the Karaisal
district (location of the type section of the unit), and the village
of Kuzgun in the south. Composed of loosely consolidated
clay and shale, highly susceptible to erosion, the Giiveng
Formation can only be clearly observed in the newly opened
road cuts and small galleries along this road. For the strontium
isotope analysis, three samples were selected; one near the
contact with the underlying Cingdéz Formation (G-3) (36 S
683100.00 d E/ 4125229.00 m N), one from the uppermost

levels (36 S 685916.00 d E/ 4113848.00 m N), and one from the
middle levels (G-2) (Figs. 1,10).

The recorded #7Sr/®Sr ages of the Giiveng Formation are
presented in Figure 7 and Table 2. Isotopic analysis of sample
G-3, collected near the basal levels of the unit (just above the
Cing6z Fm.) is 25+0.6 Ma (Chattian) and the sample collected
from the middle level is 22+1.2 Ma (Chattian—Aquitanian).
The sample G-1, collected from the uppermost levels of the
unit, near its contact with the overlying Kuzgun Formation,
yielded an age of 16.9+0.9 Ma representing Burdigalian—
Langhian interval (Fig. 7c).

Biostratigraphic analysis was conducted to compare with
the strontium isotope results, since the Giiveng Formation
exhibits a high clastic content, similar to the Cingdz Formation
and diagenetic alteration was detected in the thin section
examinations. In the samples collected from the unit, Globi-
gerinoides bollii, Globigerinoides subquadratus, Globigerino-
ides sp., Globorotalia mayeri, Globigerinella obesa, Globoge-
rinoides trilobus, Globigerinoides cf. Sacculifer, Globiquadriana
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Figure 9. SEM images of the micro-fauna identified in the Cing6z formation. 1 - Neomonoceratina cf. mouliana (shell, left external view); 2 - Neomonoceratina
cf.mouliana (shell, left external view); 3 - Cyamocytheridea sp. (shell, left external view); 4 - Neomonoceratina sp. (shell, right external view); 5 - Thalmannia
hodgii (right carapace, external view); 6 — Tenedocythere prava (left carapace, external view); 7 — Acantocythereis hystrix (right carapace, external view);
8 - Orbulina suturalis; 9 — Orbulina suturalis; 10 — Orbulina suturalis; 11 — Orbulina universa; 12 - Orbulina universa; 13 - Orbulina bilobata; 14 - Orbulina

bilobata; 15 - Globigerinoides bollii.

dehiscensis and Sphaeroidinellopsis sp. species were deter-
mined which are all indicative of the Langhian—Serravallian
interval (Fig. 11).

5.4. The Late Miocene Reef Carbonates

Given the younger age of the sampled reef carbonate rocks in
the vicinity of Giiliiglii village (NW Karaisali —36°S 679945.00

E/4127388.00 N) (Fig. 1), they were considered and classified
as “Late Miocene reef carbonates”. In this region, the reef
carbonates are observed superimposed on the Kaplankaya
Formation (Figs. Sa, c, d, g). The stratigraphic log measured
from the sampling site reveals that the approximately 6 metre-
thick, pale yellow to beige coloured neritic (reefal) carbonate
rocks overlie the clastic sediments of the Kaplankaya
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Figure 10. Sedimentological logs measured from the Gliveng Formation showing the levels of the sampling for Sr analysis (G-1,2,3) (see Figure 1 for lo-

cations).

Formation consisting mainly of marls and mudstones. The
studied and sampled section is shown in Figure 12.

The ¥7Sr/%Sr results were not obtained for one of the two
samples (T-1) compiled from the Late Miocene carbonates.
The 37Sr/30Sr results of the other sample yielded an age of
7.342.1 ma (Tortonian—Messinian) (Fig. 7b).

5.5. The Kuzgun Formation

Sedimentary logging of the Kuzgun Formation (Figs. 5f, 13)
and sampling for strontium analysis were carried out along the
road linking the northern parts of the Karahan neighbourhood
in the north-eastern part of Adana city centre and the Kuzgun-
Abdullu villages in the north. One sample (Kz-1) (36 S
693185.00 d E/ 4106400.00 m N) was milled from a bivalve
shell collected from the fine clastic sediments at the lowermost
levels of the formation, (Memisli member) and another sample
selected from the Kuzgun member (Kz-2) representing the
upper levels. Sample Kz-3 was prepared from a gastropod shell
obtained from the deltaic-shallow marine clastic rocks of the
Memisli member (36 S 687733.00 d E/4109777.00 m N). Sample
Kz-1 was milled from a large oyster shell collected from the
underlying fine-grained shallow marine-fluvial clastics of the
Kuzgun member (36 S 687241.00 d E/4110947.00 m N).

The strontium isotope ages of three samples collected
from different levels of the Kuzgun Formation are given in

Figure 6. While the Kz-1 sample indicates a Tortonian—early
Messinian age (7.4+2 Ma), the results for the Kz-2 and Kz-3
samples are inconsistent, suggesting Pliocene—Pleistocene
ages (1+0.5 Ma and 1.3+0.7 Ma).

5.6. Handere Formation

Sedimentary logging and sampling studies of the Handere
Formation were carried out along road cuts and galleries along
the Kabasakal, Sambayadi, and Karahan quarters located in the
north-eastern part of Adana city centre. Two samples were
selected for strontium analysis. Sample H-1 was obtained from
the middle part of the formation stratigraphically (36 S 697669.00
d E/ 4103394.00 m N) and sample H-2 was collected near the
uppermost levels (36 S 695176.00 d E / 4102323.00 m N). Both
samples were collected from the limestone, clayey-limestone
interbeds in the unit, however, the Sr isotope results for these
samples were not successfully obtained from the laboratory.

6. GEOLOGICAL IMPLICATIONS AND
DISCUSSION

6.1. Kaplankaya-Karaisali Formations and L.
Miocene Carbonates

The ¥7Sr/36Sr ages of the Kaplankaya Formation exhibiting
lateral and vertical transitions into the Karaisali Formation,
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Figure 11. SEM images of the microfauna identified in the Gliveng Formation. 1 - Globigerinoides bollii; 2 - Globigerinoides subquadratus; 3 - Globigeri-
noides sp.; 4 - Globigerinoides sp.; 5 — Globorotalia mayeri; 6 — Globorotalia mayeri; 7 — Globorotalia mayeri; 8 — Globigerinella obesa; 9 — Globigerinella
obesa; 10 - Globogerinoides trilobus (umbilical view); 11 — Globogerinoides trilobus (umbilical view); 12 — Globogerinoides trilobus (umbilical view);
13 - Globigerinoides cf. Sacculifer; 14 — Globiquadriana dehiscensis; 15 — Sphaeroidinellopsis sp.

indicate Serravallian-Tortonian ages (9.5+2.4 Ma to 10£2.5
Ma) (Fig. 7). Reported to contain abundant foraminifera such
as Borelis melo FICHTEL & MOLL, Borelis curdica
REICHEL, Amphistegina sp., and Rotalia sp., the Karaisali
Formation was palaeontologically assigned a Burdigalian—
Langhian age (11-20 Ma) by SIREL & GUNDUZ (1981);

which makes our Sr isotope-derived ages slightly younger in
comparison. UNLUGENC & DEMIRKOL (1988) and OZALP
(1993) assigned an early-middle Miocene age to the Kaplankaya
Formation based on its fossil content compiled from the unit.
The age data from the literature are, on average, several
million years older than the 8’Sr/®°Sr ages we obtained in this
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Figure 12. Sedimentological log of the Late Miocene reefal carbonates measured around the T-1 and T-2 sample site (see Figure 1 for location).

study. Since no significant diagenetic alteration was observed
in the collected samples, two options can be considered to
explain this low ®7Sr/30Sr ratio.

First, the age data obtained from these reef carbonates are
consistent with the Tirtar Formation (middle-late Miocene reef
carbonates), which is identified in the Mut Basin (ILGAR et
al., 2013) located to the west of the Adana Basin. Therefore,
these young reef sediments observed in the adjacent basin may
have been deposited as thin layers over the slightly older Mid-
dle—Upper Miocene Karaisali Formation in the western re-
gions of the Adana Basin. The Sr isotope age data suggest that
reef formation in the Adana Basin persisted not only in the
Lower and Middle Miocene but also in the Upper Miocene.
The carbonate rocks found south of the Karaisali district which
exhibit a patchy distribution in the Adana Basin, should be
younger than the northern reef carbonates (Karaisali Fm.), typ-
ically located at much higher elevations as steep cliffs. The
shallow-marine and/or reefal carbonates of the Late Miocene
were deposited directly on the Karaisali and Kaplankaya for-
mations by a short term transgression along the basin margin
(Fig. 14).

A second option may be linked to continental run-off, al-
though a minor influence from a secondary source to Kaplan-
kaya/Karaisali Formations deposited near the shoreline. Fluc-
tuations in the 8Sr/*¢Sr ratio in the catchment may be attributed
to the influence of continental run-off derived low 37Sr/%¢Sr
weathered from the basement units including Palacozoic—
Mesozoic ophiolites and carbonate rocks.

Early marine diagenesis is also a critical stage in the dia-
genetic history of shallow-water carbonate sediments, signifi-
cantly contributing to the transformation of metastable CaCOs;
polymorphs, such as aragonite and high-Mg calcite, into the
stable low-Mg calcite (HIGGINS et al., 2018). However, early
marine diagenetic alteration is difficult to identify using either
petrographic analysis or other conventional methods. AHM et
al. (2018) developed a model that quantifies the resetting of
34440Ca, §*°Mg, 8'3C, and §'30 in combination with elemental
concentrations of Sr during neomorphism (aragonite-to-cal-
cite), recrystallization (calcite-to-calcite), and dolomitization
(calcite-to-dolomite). Various conventional techniques such as
FTIR spectroscopy, XRD, and SEM are employed to differen-
tiate between calcium carbonate polymorphs. Although SEM
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Figure 13. Sedimentological logs measured from the Kuzgun Formation showing the sample levels for Sr analysis (Kz-1,2,3) (see Figure 1 for locations).

analyses were conducted in this study, SEM does not provide
definitive results in discerning calcium carbonate polymorph
variations because the morphology of each calcium carbonate
polymorph is not unique. However, the exact impact of this
transformation on the geochemical composition of the rock
remains to be fully elucidated.

6.2. The Cingdz and Guveng Formations

The 87Sr/36Sr analysis results of the Cingdz Formation (Table
2) yielded ages that range from 23+1.3 Ma (oldest) (Chattian—
Aquitanian) to 1242.1 Ma (youngest) (Serravallian-Tortonian)
(Fig. 10). According to the biostratigraphic literature, the
Cing6z Formation has been assigned the following age ranges:
Burdigalian to Serravallian (DEMIRTASLI & GENC, 1986),
Langhian—Serravallian (GORUR, 1979; YALCIN & GORUR,
1984) and Burdigalian-Langhian (YETIS & DEMIRKOL,
1986). A micro-palaeontological study carried out by NAZIK
& GURBUZ (1992) documented a comprehensive micro-fossil
analysis of the entire turbiditic Cingdz Formation reporting
that it was deposited during the late Burdigalian—Serravallian
interval. A supportive fundamental biostratigraphic study was
conducted in the locations where Sr sampling was carried out,
as diagenetic alterations detected petrographically and
geochemically in the samples could potentially cause

alterations of the original 8’Sr/%6Sr compositions of the unit.
The genera and species identified in the unit generally indicate
the Burdigalian—?Serravallian interval (Fig. 9). It has been
inferred that one of the three 87Sr/%0Sr age data is consistent
with the literature (12+2.1 Ma — Serravallian) and our
biostratigraphic study; however, the other two Sr results
(derived from lower parts of the unit) (22-23 Ma — Aquitanian)
show a difference of approximately 3-4 M (older) from the
proposed lower age limit for the unit. This situation may have
occurred due to diagenetic alteration within the unit.

The 87Sr/36Sr analyses of the Giiveng Formation indicate
ages ranging from 25+0.6 Ma to 16,9+0.9 Ma corresponding
to Chattian—Langhian interval (Table 2, Fig. 7). However,
biostratigraphic literature (NAZIK & TOKER, 1986;
UNLUGENC, 1993) provide Langhian—Serravallian (16-11
Ma) age for the unit. The palaeontological determinations
made in this study also show that the age of the unit is
Langhian—Serravallian. Thus, it was understood that there was
a considerable difference in two out of three ¥7Sr/%0Sr ages
(about 10 Ma) thought to be caused by diagenetic alteration
(high Mg/Ca and Fe/Sr) in the Giiven¢ Formation similar to
that observed in the Cingdz Formation, while one age data is
roughly consistent with the biostratigraphical ages. The
possibility that the Sr results, which are consistent with
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Figure 14. Schematic geological model summarising the inferred sedimentological development of the Adana Basin for Late Burdigalian to Messinian

period.

biostratigraphic ages, also coincidentally provide coherent
ages cannot be ignored. Correlations of prepared Sr isotope
composition against Mn/Sr, Fe/Sr, Mg/Ca (Fig. 15) shows that
there is no remarkable correlation between Sr isotope
composition and Mn/Sr, while there is a moderately negative
correlation between Mg/Ca and Fe/Sr. The decrease in Sr
isotope ratios with the increase in Fe and Mn presented a
significant negative linear correlation, which could explain the
effect of contamination, especially for the Giiveng and Cing6z
formations. Due to the sedimentary characteristics of the
Giiveng and Cingdz formations that contain a high volume of
detritus even at their carbonate dominated levels, and
groundwater flow along their fractures, significant changes
have occurred in their 8Sr/2Sr composition. Since these units
contain only sub-millimetre scale micro-fauna, they do not
allow for a convenient Sr analysis using fossil shells.
Another important factor to consider in Sr isotope studies
in the Eastern Mediterranean region is the highly complex

oceanographic evolution of the Mediterranean in the Miocene
period. During this period, global and local controlling factors
on seawater chemistry significantly influenced carbonate
production related to the palacoceanographic conditions of the
Mediterranean and their changes over time. Aquitanian Sr and
Nd isotope records of the Mediterranean indicate an open
marine basin, influenced by the Indian Ocean and characterized
by a predominant westward circulation, which is sensitive to
global climate changes and carbon cycle disturbances. Starting
from the late Burdigalian, the gradual shallowing and
intermittent connection with the Indian Ocean altered the
overall circulation in the basin, resulting in longer residence
times of Mediterranean waters and reduced water exchanges
not only with the Indian but also the Atlantic Oceans (KOCSIS
etal., 2008; CORNACCHIA et al., 2021). In this palacoceano-
graphic setting, regional factors such as volcanism had a
greater effect on Mediterranean seawater chemistry compared
to previous periods. Thus, the Srisotope record of the Eastern
Mediterranean could deviate towards lighter Sr isotope values.
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Figure 15. Diagrams (cartesian coordinates and trendlines) showing the
correlation between Sr isotope composition versus Mn/Sr, Fe/Sr, Mg/Ca
ratios for all the analysed samples.

6.3. The Kuzgun Formation

According to the 37Sr/%Sr age data obtained from the basal
levels of the Kuzgun Formation, the unit began to be deposited
about 7.4+2 Ma. Inconsistencies were observed in the Sr ages
of the Kuzgun Formation, analysed from the fossil shells. The
Kz-1 sample points to the early Messinian, highly compatible
with palaeontological literature (e.g., DARBAS & NAZIK,
2010; CIPOLLARI et al., 2013). A substantial biostratigraphi-
cal study of FARANDA et al. (2013) constrains the upper part
of the Kuzgun Formation to the early Messinian. However, the
results for the Kz-2 and Kz-3 samples are inconsistent and
point to a Pleistocene age (~1 Ma). This could be due to sev-
eral reasons. One probable cause is the change in strontium
ratios due to the surface-alteration in the fossil shells (oyster/
gastropod) where the sampling was made. However, geochem-
ical analyses of the oyster and gastropod shell specimens
(Kz-2 and Kz-3) collected from the unit yielded high Mn/Sr
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Figure 16. A simplified palinspastic map of the study region (Adana Basin)
representing inferred environmental conditions during the Late Miocene.

ratios indicating that they were subjected to diagenetic altera-
tion. On the other hand, if oyster shells are formed by calcite
layers they can be suitable for Srisotope dating but if they have
porous shell layers and/or have irregular and chalky deposits
this may cause deviations from the original Sr ratios (SCASSO
et al., 2001). This high supergene manganese concentration,
which is also reflected in the fossil shells, may be a clue to the
distribution of manganese in the underlying parent rocks
(FORCE & COX, 1991). Manganese may have been trans-
ported from depth to a surface of precipitation along local
faults (STEAD & STOSE, 1943; COOPER, 1944). Mesozoic—
Palaeozoic bedrocks of the Adana Basin including dolomitic
rocks and quartzite (Demirkazik, Yerlikaya, Karahamzausagi
Formations) are the most likely candidates as sources of high
Mn concentrations. Manganese enrichment in carbonates may
also occur during the early diagenetic microbial reduction of
manganese oxides (TORRES et al., 2014). The observed
accumulation of manganese in these sediments is considered
a significant indicator of early diagenetic microbial reduction,
where anaerobic microbial communities utilize manganese
oxides as electron acceptors in their metabolic processes. This
reduction process, taking place in anaerobic environments,
plays a pivotal role in influencing the cycling of manganese in
marine sediments, consequently impacting the bioavailability
of other essential nutrients. In such an anaerobic basin, iron
precipitation can be associated with sulfate reduction and the
metabolic activities of iron bacteria; during these processes,
iron (Fe*") is concurrently reduced and precipitates in an
insoluble form, particularly through interactions among
methanogenic and sulfate-reducing microorganisms.
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87Sr/8¢Sr ratios may deviate from the global reference
curve due to restricted water exchange between a basin and
the global ocean, which could be the case for the Upper
Miocene succession of the Adana Basin. The deposition of the
Handere and Kuzgun Formations was closely affected by the
Lago-mare (Messinian) salinity crisis (from 5.96 to 5.33 Ma;
KRIJGSMAN et al., 1996) in the Mediterranean during the
late Miocene. The Lago-Mare scenario of terrestrial sedimen-
tation in a dried-up Mediterranean basin has a unique base-
level history and water chemistry of sub-basins (CIPOLLARI
etal., 2013; MAILLARD etal., 2014; MICALLEEF et al., 2019;
CARUSO et al., 2020; KARTVEIT et al., 2019; MADOF et
al., 2019; RAAD et al., 2021). A strontium influx into the
lagoonal or lacustrine scenario was derived from drainage
within each catchment. The St/%0Sr ratio of each water source
is related to the lithologies weathered in the watersheds and
the Sr ratio of the resulting basin reflects all these inputs
(BATAILLE etal.,2012; DOEBBERT etal., 2014; BADDOUH
et al., 2016). For the lagoonal scenario (SAFAK et al., 2021),
each individual basin receives an additional water source,
which was supplied from the major peri-Mediterranean
drainage systems (e.g., the Nile, Rhone, and Po; GRIFFIN,
2002) and, probably, the Atlantic as well (VASILIEV et al.,
2017; GARCIA-VEIGAS et al., 2018; GROTHE et al., 2020;
ANDREETTO et al., 2021). By examining a significant num-
ber of 87Sr/%6Sr analyses conducted on oyster and foraminifera
samples from the central and eastern Mediterranean basins,
SCHILDGEN et al. (2014) suggest that a few million years
before the Messinian Salinity Crisis, 8Sr/*Sr in the basins fell
below the global values, probably related to basin shallowing
and tectonic uplift. During the Messinian Salinity Crisis, the
composition of 8’St/%¢Sr from centrally located basins falls
below global seawater values. This greater sensitivity to
lowered sea level compared to higher continental flow may be
related to the inverse relationship between Sr concentration
and river discharge. CIPOLLARI et al. (2013) and FARANDA
et al. (2013) have shown several evidence of the flooding and
subsequent surface uplift in the Messinean—Zanclean period
indicating that environmental conditions in the basin were
quite unstable during this period.

Local volcanism in a region also generally tends to lower
the Sr isotopic ratio due to injecting high amounts of light Sr.
The volcanic/tuffitic level called the Salbas tuffite member
within the Kuzgun formation is exposed in the Adana Basin.
The source of this volcanism was shown by NURLU et al.
(2021) to be an area in the north, and it may have deviated the
original Sr ratio in the units deposited during the Middle—
Upper Miocene period. Although the authors determined ages
ranging from 20 to 27 Ma, based on strontium age analysis for
the carbonate-rich tuffite levels in the Kuzgun Formation, they
suggested that they must have been deposited within an earlier
marine basin originally, and then transported and re-deposited.

6.4. The Handere Formation

87Sr/86Sr data could not be obtained from the samples collected
from the Handere Formation although they do not show any
significant diagenetic alteration. Since this unit was generally
deposited under terrestrial-transitional conditions, it can be
thought that the terrestrial feed of the limited shallow marine
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basin affected the natural strontium ratio. However, the 7 Ma
age data obtained from the sample collected from the base
levels of the overlying Kuzgun Formation, sheds light on the
fact that the unit is younger than 7 Ma. Although the thin
section analysis revealed no significant alteration traces,
calcification known to be common throughout the unit has
likely greatly affected the strontium content of the unit.

7. CONCLUSION

This study presents the first integrated 8’Sr/*¢Sr chemo-
geologic investigation for six different formations in the Adana
Basin, where fifteen samples were systematically collected
and analysed. According to the recorded ¥’Sr/*¢Sr results, ages
of 9.5+2.4 Ma and 10+2.5 Ma (Serravallian—Tortonian) were
determined for the Kaplankaya/Karaisali Formation, while
ages of 23+1.3 Ma (Chattian—Aquitanian) to 124+2.1 Ma
(Serravallian) were found for the Cingdz Formation, 25+0.6
Ma (Chattian) to 16.9+0.9 Ma (Burdigalian—Tortonian) for the
Giiveng Formation. The deviations in 37Sr/*Sr results from the
Cingdz and Giiveng formations, which are dominated by
clastic deposits (marl), are attributed to diagenetic alteration
diagnosed by geochemical analysis. Supportive biostratigra-
phical studies on these units showed that the ages of these units
were Langhian—Serravallian and Burdigalian—Serravallian,
respectively. The deviation in two out of three 87Sr/%0Sr age
data obtained from the Kuzgun Formation may also be due to
diagenetic alteration. It was determined that the thin reef
carbonates, observed on an unconformity above the Kaplan-
kaya Formation are Tortonian—Messinian (7.3+2.1 Ma) in age.
This indicates that the marine conditions did not completely
recede from the basin in the early Tortonian and marine
influxes have taken place in short-term/multi-phases (episodic),
resulting in the formation of younger reef sediments in the
southern parts of the basin (Fig. 16). Although the recorded Sr
isotopic data do not coincide well with the literature, this study
provides an important basis for further detailed isotopic
research in the region, highlighting the geological implications
that were revealed.
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