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A B S T R A C T   

The Tuz Gölü basin, the largest of the Central Anatolian Neogene basins, is a NW-SE trending fault-controlled 
depression and includes many subbasins, such as the Ereğli, Ulukışla and Bor subbasins. In the basin, econom-
ically important evaporite deposits consisting mostly of halite, gypsum/anhydrite, glauberite and carbonates 
formed in the middle-late Miocene. The mineralogical and chemical properties and C, O and Mg isotopic com-
positions of the carbonate minerals that precipitated simultaneously with the other evaporite minerals were 
investigated using samples from boreholes to determine the precipitation conditions and paleoenvironment of 
the deposits. 

The lack of covariance between the δ13C and δ18O values of the samples and the wide range of isotopic 
compositional variations indicate a basin that was hydrologically open to some degree. In addition, the lack of 
correlations between δ18O values and MgO/(MgO + CaO), Mg/Ca and Sr/Ca ratios and the wide range of var-
iations in both δ13C and δ18O values indicate that the carbonate minerals precipitated in a lagoonal environment 
where seawater incursions occurred through transgressions. The δ18O values of the dolomite samples are higher 
than those of Messinian normal-salinity seawater dolomites and therefore require contributions from evaporative 
fluids. Additionally, the isotopic data indicate extreme fluctuations in temperature and the inflow-evaporation 
balance during carbonate precipitation and indicate that the evaporite minerals may have precipitated from 
the evaporation of seawater trapped within the basin during and after uplift of the region. 

The Mg isotopic compositions of magnesium-rich carbonates are partially heterogeneous, and the δ26Mg 
values are higher than the δ25Mg values. Some of the δ26Mg values are close to the δ26Mg values of global 
seawater (–0.82‰) but higher than the global mean δ26Mg value of river water (–1.09‰). The δ26Mg values are 
partially within the range of marine sediments (–3.65 to +0.52‰), suggesting seawater contributions to car-
bonate precipitation.   

1. Introduction 

The study area is located in the southeastern part of the Tuz Gölü 
basin in the Central Anatolian Plateau (CAP) (Fig. 1). The CAP has un-
dergone significant deformation since the late Miocene to Pliocene pe-
riods, and inner subbasins and many faults have been formed or 
reactivated (Dirik, 2001). The Tuz Gölü basin is bounded by nonparallel 
oblique-slip faults in the east-southeast and Central Taurus in the south 
(Kürçer and Gökten, 2014 and references therein). Additionally, the 
basin is one of the most important sedimentary basins of the CAP and is 
composed of many Neogene subbasins (Bala, Haymana, Ereğli, Ulukışla 

and Bor). Most of the basins in the CAP have been investigated by many 
researchers (Çemen et al., 1999; Dirik and Erol, 2000, 2003; Varol et al., 
2002; Özsayın and Dirik, 2007; Tekin et al., 2007; Kürçer and Gökten, 
2014; Fernández-Blanco et al., 2013; Özsayın et al., 2013; Gürbüz and 
Kazancı, 2014; Yavuz et al., 2017; Akgün et al., 2020; Meijers et al., 
2020), and these researchers have reported that the surface sediments 
deposited in these basins are mostly fluvial or lacustrine. Gürbüz and 
Kazancı (2014) investigated the Miocene to Pliocene surface sediments 
in the Tuz Gölü basin and stated that the sediments were formed from 
terrestrial clastics and carbonates approximately 5000 m thick. Meijers 
et al. (2020) investigated the carbon and oxygen isotope compositions of 
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outcropping carbonates in different parts of Central Anatolian including 
the study area, and indicated that the carbonates were formed under 
arid conditions and in a partially hydrologically closed lake basin during 
the late Miocene to Pliocene. However, the surface carbonates studied 
by Meijers et al. (2020) did not either interlayer or simultaneously 
precipitate with evaporite minerals such as halite, glauberite, the-
nardite, bloedite, magnesite, etc., and these evaporite minerals, are not 
also observed in surface. Therefore, the carbonates studied by Meijers 
et al. (2020) are not the same as carbonates taken from drillings sub-
jected to the present study. Akgün et al. (2020) also studied the paly-
nological properties of the late Eocene to late Miocene surface sediments 
comprising mainly of fluvio-lacustrine siliciclastics and carbonates of 
the Ereğli and Ulukışla basins. They stated that the paleoclimate 
changed from humid-subtropical to warm temperate during the early 
Miocene to late Miocene. Subsurface sediments were only investigated 
by Kadınkız et al. (2017), and they reported that the sediments were 
precipitated in a playa lake environment based mostly on lithological 
data. 

Many researchers (Cosentino et al., 2012; Fernández-Blanco et al., 
2013; Schildgen et al., 2014) declared that the Tuz Gölü Basin was 
affected by approximately 2 km of basement subsidence during the 
deposition of evaporitic sequences in the Paleocene and middle 
Miocene, and a second regional subsidence phase took place and sedi-
mentation restarted, which reached nearly 3.5 km of thickness. During 
the middle Miocene period, the Mediterranean reached its highest level, 
and thus, the southern Tuz Gölü Basin was covered by seawater. 
Meanwhile, marine sediments precipitated in the Adana, Mut-Ermenek, 
and Beyşehir regions, located nearly 50–100 km south and southwest of 
the study area and the southern part of the CAP (Bassant et al., 2005; Koç 
et al., 2017 and references therein) (Fig. 1). Many researchers 
(Schildgen et al., 2012a; Schildgen et al., 2012b; Cipollari et al., 2013; 
McNab et al., 2018) have pointed out that these marine sediments 
clearly indicate that a middle to late Miocene transgression phase 

reached to approximately 100 km into the interior part of the Anatolian 
from the Mediterranean coastline. Therefore, the transgression phase 
caused a sea level rise and incursion of seawater into the southernmost 
part of the Tuz Gölü Basin. Ćorić et al. (2012) identified Serravallian age 
mollusks within sandy-clay shallow marine sediments in the high plains 
north of the Mut basin. Around the Ermenek region, late Miocene marine 
sediments were deposited at 8 Ma at the onset of uplift (Cosentino et al., 
2012). Karakaya et al. (2019) documented a diatom, Dimidiata saccula, 
which is of Sarmatian age (11.6 to 12.7 Ma) and characterizes the ma-
rine environment in the southern Tuz Gölü basin. In the study area, that 
seawater contribution was an important process in the precipitation of 
the middle Miocene evaporite minerals, as determined by the fluid in-
clusion (Karakaya et al., 2019) and stable isotope (B, Br, Cl, and Li) 
studies (Ercan et al., 2019) in halites. Additionally, Karakaya et al. 
(2020) investigated δ34S and δ18O values and 87Sr/86Sr ratios and 
explained that Ca-sulphates, collected from the boreholes precipitated 
mostly from Miocene seawater. 

In the abovementioned studies, only middle and late Miocene surface 
deposits were investigated, but these sediments do not contain marine- 
originated indicative evaporite minerals such as halite, glauberite, 
magnesite, etc. which are a few 100 m thick and precipitate simulta-
neously with dolomite. In the present study, the investigated evaporite 
deposits are covered by Pliocene and Quaternary sediments with 
thickness of approximately 200–300 m. There has been no research done 
especially on the detailed mineralogical, chemical and some isotope 
compositions of the Miocene evaporites from subsurface sediments in 
the Tuz Gölü basin, except Ercan et al. (2019) and Karakaya et al. (2019, 
2020). 

Some evaporite deposits formed under the influence of the Messinian 
Salinity Crisis (MSC) have been reported in coastal sediments in south-
ern Turkey (Adana, Hatay, İskenderun, Antalya) (Tekin et al., 2010; 
Ilgar et al., 2013; Aksu et al., 2018; Güneş et al., 2018). A connection can 
be hypothesized regarding the proximity of the known marine outcrops 

Fig. 1. Study area and paleogeographic map before 8 Ma on the current topographic map of Turkey. Blue regions indicating regions of modern topography that were 
below sea level prior to 7 to 8 Ma, and green regions show marine sediments (green and blue regions modified by Şafak et al., 2005; Schildgen et al., 2012b). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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and evaporitic facies between the MSC deposits in southern Turkey and 
the investigated evaporite deposits in the present study. Therefore, 
considering that the carbonate and evaporite deposits are closely related 
and precipitated in the same environment, in this study, we aimed to a) 
evaluate the factors that controlled the formation of minerals in the 
basin; b) reveal that the deposits were not precipitated in a completely 
inner basin; and c) interpret the paleoenvironment by using the miner-
alogical and chemical data (Mg, C and O isotopes). Thus, the mixing of 
sea water into the basin determined by the authors based on previous 
studies of halite and sulfates will be confirmed by the C, O and Mg 
isotope contents in carbonates, indicating that these rocks were not 
precipitated in continental basin. 

2. Geological setting 

In the study area, lithological units that are vertically and laterally 
transitional with each other were defined and named by Oktay (1982) as 
the Kızılbayır, Katrandedetepe, and Beştepeler Formations from bottom 
to top (Figs. 2, 3). However, the outcropping lithologies of the units in 
the study area are mainly composed of carbonates and clastics that are 
stratigraphically discontinuous and have laterally variable thicknesses. 
In the present study, the main lithological and mineralogical properties 
of the formations in the study area were defined from many boreholes. 
The Kızılbayır Formation consists of red to dark red colored sandstone, 
gray conglomerate and mudstones and is overlain by the Katrandede-
tepe and Beştepeler Formations. 

The Katrandedetepe Formation is composed mostly of halite, (Ca- 
Na)- and Ca-sulfate, rarely Na-, NaMg-, and Mg-sulfate, and CaMg- and 
Mg-carbonate deposits (Figs. 3, 4). In particular, halite and glauberite 
(NaCa-sulfate) minerals have formed economically important reserves. 
The lower and middle levels of the formation consist mostly of halite- 
anhydrite/gypsum-glauberite-dolomite alternations and partly of 
magnesite, claystone, and bituminous shale, while the upper levels are 
composed mostly of limestone, mudstone, siltstone, and sandstone and 
partly of conglomerate and tuff/ignimbrite. The carbonate, evaporite 
and clay-marl beds/laminates generally show cm-scale cycles (Figs. 3, 
5). The evaporite sequence shows synsedimentary and early diagenetic 
structures, including laminations, cross-bedding, and rarely ripple 
marks, micro-folds or slumps. Although the laminae are generally 

parallel, they are sometimes distorted based on the shapes of the upper 
and lower units and have developed a network structure that fills the 
gaps. Slump structures, nearly vertically inclined laminas, crushing and 
crack fillings have formed as a result of deformation. The deformation 
structures indicate subsidence or tectonic movements in the basin, while 
parallel lamination exhibits stagnation of environmental conditions 
during precipitation. These structures indicate an evaporitic environ-
ment that is closely associated with sabkhas (Warren, 2016). The 
evaporitic levels of the formation do not crop out and are covered by 
alluvial sediments with a thickness of approximately 250 m (Figs. 3, 4). 

The Beştepeler Formation is represented by green-burgundy 
mudstone, sandstone, light green-gray colored gypsum, anhydrite and 
grain-supported sandstones and cream-colored lapilli tuff. Aydar et al. 
(2012) determined an age of 6.34 ± 0.07 Ma using Ar/Ar dating of the 
tuff. According to K/Ar dating, the age of the oldest tuffs in the study 
area was determined to be 8.96 Ma (Schumacher et al., 1990). Ac-
cording to these radiometric ages, the age of the Katrandedetepe For-
mation must be Upper Miocene (Tortonian - Messinian). 

The carbonates are mainly limestone, clayey limestone, dolomite and 
clayey dolomite. The carbonate beds are mainly beige, white, or gray 
massive microcrystalline structures and exhibit laminated organic 
matter containing mudstones/black shales displaying a micritic texture. 
Dolomite is more common at moderate depths (400–500 m) in the 
drillings, while magnesite is less common and occurs from moderate to 
mostly deeper depths as massive/pure magnesite bands several cm 
thick. Carbonate-enriched layers are white to beige or gray in color 
(Fig. 5). The carbonate-enriched layers are sometimes crystallized 
around other minerals depending on the composition of the solution, 
tectonic events, and other diagenetic processes (e.g., burial temperature 
and pressure) in the basin. The determined carbonate minerals are 
mainly dolomite, partially magnesite, and rarely calcite, and the min-
erals are mostly observed as cement between the other evaporite min-
erals and sometimes as carbonate-enriched beds varying from several 
mm to several dm (Figs. 5, 6). 

3. Methods 

A total of 92 dolomite- and magnesite-containing samples taken from 
the Katrandedetepe Formation at different depths in three wells drilled 
by the MTA (General Directorate of Mineral Research and Exploration of 
Turkey) were investigated (Fig. 2). The mineralogical composition of the 
powdered samples (total fraction) was determined using X-ray diffrac-
tion (XRD) (Rigaku D/MAX 2200 PC, Japan, CuKα radiation, 40 kV and 
40 mA and a scanning speed of 2◦/min from 2 to 70◦ 2θ) at Hacettepe 
University (Ankara, Turkey). The semiquantitative mineral content was 
determined from powder XRD patterns according to the external stan-
dard method developed by Gündoğdu (1982) (Table 1). The accuracy of 
the method is reported by the author to be less than ±5%. After 
mineralogical analyses, the main and trace element contents of pure or 
dolomite/magnesite-rich core samples taken from drilling samples were 
determined using ICP-MS (Perkin-Elmer, Elan 6100 and ICP-MS: PN-EN 
ISO 17294-2:2006) in the ACME Laboratories (Canada) and AGH Lab-
oratories (AGH University of Science and Technology in Krakow, 
Poland). The micromorphological properties of the carbonate minerals 
were investigated to determine their interrelations with other minerals 
and to examine their features using scanning electron microscopy (SEM, 
LEO 1430VP (Zeiss Cambridge, UK at Afyonkarahisar Kocatepe Uni-
versity)). The elemental contents of the minerals were determined by 
energy-dispersive X-ray spectroscopy (EDS) using an accelerating 
voltage of 15–20 kV, with a beam current of 15 mA and spot size of 5 
mm. Samples were placed in a sample holder, dried at 50 ◦C for one hour 
and then coated with 5 μm of gold before SEM analysis. 

The C and O isotopic compositions of dolomite/magnesite-enriched 
bulk samples taken from drillings of TG2 (4 samples), TG3 (10 sam-
ples) and TG6 (6 samples) were determined at the Environmental 
Isotope Laboratory, University of Waterloo, Canada. Carbon (13C) and 

Fig. 2. Geological map of the study area and locations of the cores in the basin 
(revised from Oktay, 1982). 
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oxygen (18O) proportions were determined (better than ±0.2‰ vs. 
VPBD) by the production of carbon dioxide (CO2) from carbonate min-
erals by reactions with 100% phosphoric acid (H3PO4) at 90 ◦C using 
standard procedures based on the methods of Epstein et al. (1953). 
Samples and standards were weighed into Exetainer™ septum vials and 
sealed and flushed with pure helium. Then, 100% phosphoric acid was 
injected into the vials, which were then placed in an aluminum tray that 
was kept at 90 ± 0.1 ◦C for>1 h. The CO2 was extracted automatically 
with a double-hole needle Gilson autosampler connected to a GVI 
MultiFlow device. The MultiFlow contained a 500-µl sample loop and 
GC column that separated CO2, N2, O2 and H2O. Helium carrier gas then 
transported the purified CO2 into a GVI IsoPrime continuous flow 
isotope ratio mass spectrometer system (CF-IRMs) that measured the 
isotope ratios. Four calibrated standards, EIL-21 (traceable to NBS-18 
and NBS-19), IAEA-CO-1, IAEA-CO-8 and IAEA-CO-9, were used for 
normalization. Additional/alternate standards of the same composition 
as the samples were included. During a sample run, linearity checks 
were included using a suite of EIL-21 samples to produce a range of peak 
heights that encompass the expected sample peak range. 

Mg isotope analyses and chemical separations were performed using 
a Thermo Scientific Neptune Plus multicollector-inductively coupled 
plasma-mass spectrometer (MC-ICP-MS) at the ALS laboratory (Sweden) 
following the procedure described by Wombacher et al. (2009) with 
control of analysis recoveries for each individual sample. Mg isotope 
compositions were referenced to the DSM3 isotope standard. The sam-
ples were prepared by a combination of HNO3 + HF digestion and alkali 
fusion. Mg was separated from the sample matrix using ion-exchange, 
and Mg isotope reference materials (IRMs) were measured in purified 

fractions using a combination of internal standardization (Si isotopes) 
and external calibration with bracketing isotope standard reference 
materials (SRMs). Internal precision (from two measurements of the 
same Mg that were separated within the same measurement session) was 
in the range 0.06–0.08‰. The reproducibility of the entire procedure 
(from replicate separation/analysis of one sample) was better than 
0.03‰. The external precision from n > 80 measurements of an in-house 
QC sample was 0.06‰. The method was originally validated using a set 
of certified reference materials (CRMs) (e.g., JB-2, JCp-1, CASS-4 and 
IRMM-3704) with agreement between the obtained and published Mg 
deltas of better than 0.1‰ (measure of accuracy). Standard deviations 
were calculated from two consecutive independent measurements. 

4. Results 

4.1. Mineralogical properties and facies types 

Macroscopically magnesite exhibits a beige color and is in the form 
of laminates, while microscopically, it takes the form of crystals, or 
filling or cement in spaces between other evaporite minerals (Figs. 5, 6a, 
b). Bidirectional cleavage of coarse magnesite crystals is typically 
observed, and also prismatic, twin-shaped, or amorphous anhydrite 
residues are present within the mineral (Fig. 6a, c). The typical 
morphology of magnesite indicates that it formed by precipitation pro-
cesses. Dolomite shows rhombic cleavage and micritic or microsparitic 
filling, but it was not observed as cement (Fig. 6d). In addition to sec-
ondary anhydrides, primary anhydrides without gypsum residues were 
also observed. Additionally, microcrystalline and partially euhedral 

Fig. 3. Lithological and stratigraphic properties of the cores and dolomite- and magnesite-containing sampling points where δ13C and δ18O δ26Mg analyses 
were performed. 
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crystals of magnesite and dolomite with Mg-rich smectite were detected 
(Fig. 7a, b). Some silicate minerals were observed as mainly detrital 
clastics (e.g., feldspar, quartz, and mica) and clay minerals (e.g., sepi-
olite, and Na/Mg-smectite) precipitated in the basin. The minerals are 
partially associated with glauberite, dolomite and magnesite in some 
layers or interlayered with evaporites. The clay minerals observed in 

evaporites, especially together with carbonates, indicate that there was 
a chemical precipitation in the basin and that the environment was 
stagnant. 

Considering the mineralogical and textural features, various facies 
were defined and their properties and formation conditions can be 
explained as follows: 

Fig. 4. Lithology of the boreholes and the lateral relationships among them.  

Fig. 5. Some core photos showing the main lithologies in the basin. Micritic dolomite and magnesites show alternations both upward and downward with anhydrite, 
glauberite, halite, clayey dolomite and organic matter-rich clayey marl (note: the arrow indicates the aspects of the boreholes). 
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Oolitic limestone lithofacies observed over clastic facies are 
composed of cream-gray colored medium-thick bedded oolitic lime-
stone, fossiliferous oolitic limestone and oolitic limestone, and its 
thickness varies between 15 and 85 cm. Intact and fragmented bivalvia, 
ostracod and gastropod shell fossils, shell fragments of these fossils were 
observed. This facies characterizes a very shallow and turbulent envi-
ronment in lakes, lagoons and coastal shallows as well as in subtidal 
environments (Tucker, 1991; Flügel, 2004) and very shallow basin 
conditions where the water level rises relatively. The clastics of this 

lithofacies may be exogenic or may have formed as a result of turbulence 
in the environment. 

Gypsum-anhydrite-mudstone-micritic limestone facies forms mainly 
from gypsum-anhydrite and mudstone-micritic limestone lithofacies, 
and the facies generally has gray-light yellow and cream-colored lamina 
and thin and medium bedding. The average thickness of the facies varies 
from 250 to 300 m and its characteristic sedimentary structures are 
generally slip folds, salt diapiric structures, laminations, and cage 
structures. The lithological alternation indicates the frequency of water 

Fig. 6. Microscope photos of some samples under plane-polarized light: a, b) Crystal-form or filling intergranular spaces magnesite and anhydrite including 
microcrystalline hopper halite crystal with chevron structures (TG3 291.5, TG6 332 m, respectively). c) Magnesite showing typical cleavage planes and including 
anhydrite pseudomorphs (TG7 557 m). d) Micritic-microsparitic dolomite showing typical cleavage planes (TG6 693.6 m). 

Table 1 
δ18OVPDB and δ13CVPDB values (‰) and some elemental contents and ratios of dolomite and magnesite containing samples from different drillings in the basin.  

Drill, Depth Main Carbonate Mineral δ13CVPDB δ18OVPDB A Sr ppm MgO % CaO % Mg/Ca Sr/Ca mmol/mol 

TG2 299.9 Dolomite − 9.2  2.4  0.55 310  21.05  24.24  0.73  0.08 
TG2 497.7 Dolomite − 6.5  1.6  0.50 3203  19.13  26.34  0.61  0.78 
TG2 515.5 Dolomite − 7.0  1.1  0.51 178  16.59  21.87  0.64  0.05 
TG2 547.7 Dolomite − 9.8  − 3.4  0.50 3168  18.31  25.55  0.60  0.79 
TG3 177.3 Dolomite − 5.2  − 1.5  0.53 401  15.15  18.85  0.68  0.14 
TG3 315.1 Dolomite − 1.5  5.2  0.72 1115  17.51  9.62  1.54  0.74 
TG3 330.15 Dolomite − 2.7  1.9  0.60 227  16.65  15.41  0.91  0.09 
TG3 335.5 Dolomite − 2.4  1.2  0.49 273  13.42  19.40  0.58  0.09 
TG3 341.9 Dolomite − 2.6  2.5  0.63 256  15.14  12.14  1.05  0.11 
TG3 468.8 Dolomite − 10.8  0.9  0.46 923  22.04  36.70  0.51  0.16 
TG3 489.3 Magnesite − 9.3  2.3  0.98 1314  41.74  1.29  27.30  5.79 
TG3 528.4 Magnesite − 6.7  8.1  0.96 2285  35.98  2.21  13.74  6.62 
TG3 529.2 Dolomite − 9.5  8.8  0.48 683  6.23  9.43  0.56  0.46 
TG3 577.8 Dolomite 0.0  − 3.0  0.27 1119  9.27  34.02  0.23  0.20 
TG6 532.6 Dolomite − 5.3  1.2  0.26 2530  6.40  25.91  0.21  0.62 
TG6 674.7 Magnesite − 4.8  7.6  0.72 3038  18.47  10.19  1.53  1.91 
TG6 711.0 Magnesite − 5.1  10.5  0.62 832  11.19  9.39  1.01  0.57 
TG6 717.2 Dolomite − 8.6  5.7  0.57 2098  13.58  14.32  0.80  0.94 
TG6 718.2 Dolomite − 5.4  5.7  0.31 5346  8.10  25.54  0.27  1.34 
TG6 874.0 Dolomite − 2.8  0.6  0.37 571  10.11  24.18  0.35  0.15 

Note: A: MgO/(MgO + CaO). 
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entry into the basin and the change in the geochemical characteristics of 
the water. The frequency of water entry into the basin is related to 
seasonal changes or transgression and the fluctuation in the water. 
Water inflow mostly causes to the changes in the water composition and 
water level in the basin/environment. The carbonates, especially dolo-
mite intercalated with other evaporite minerals, indicate that the 
amount of water in the basin was increased and that the basin water was 
diluted. Furthermore, the presence of anhydrite fillings in the shells of 
gastropods in the carbonates is an indication of the rapidity of precipi-
tation and evaporation. Clastic sediments, which are frequently 
observed together with gypsum and have a normal gradation, may 
confirm that the basin was strongly recharged by transgression. After the 
deposition of the carbonate and gypsum/anhydrite lithofacies, halite- 
mudstone lithofacies, generally observed as only halite with a thick-
ness of 4–5 m, alternated with glauberite or glauberite-rich halite or 
mudstones. The thickness of the facies in the medium and bottom levels 
of the drilling varies between a few cm and 50 m, but the facies is not 
observed toward the upper levels. Halite is observed in the form of very 
thick layers and between carbonate (mostly dolomite, rarely magnesite) 
and gypsum/anhydrite deposits in the sequence. It is not only in the 
form of pure halite but also generally intercalated with mudstones in the 
succession, indicating that the basin was constantly fed. The water depth 
of the basin changed over time, and the presence of the evaporites in-
dicates to an arid climate. Additionally, the lithological sequence shows 
that the water level in the basin changed frequently, intense surface 

erosion developed, and arid-semiarid climatic conditions dominated. 
Oily bituminous shale facies are composed of black mudstones that 

are highly dispersed, and show good fissility, and are peaty in places. In 
some parts, a very intense petroleum smell and viscous oil flow were 
observed. The thickness of the facies observed at levels close to the base 
of the Katrandedetepe Formation varies between 1.5 and 2 m. Rare peat 
formations were also observed in the facies rich in organic matter. This 
lithofacies reflects swamp environments rich in organic material during 
very shallow stagnant periods of the basin (lagoon). Additionally, the 
abundance of mudstones indicates that the ambient conditions are quite 
calm (Tucker, 1991). 

4.2. Elemental and isotopic composition 

The MgO/(MgO + CaO) ratio of the dolomite-rich samples ranges 
from 0.26 to 0.72, while the ratio of the magnesite-rich samples varies 
between 0.62 and 0.98. The Sr/Ca ratios of the dolomite-rich samples 
range from 0.08 to 1.34, while the ratios of the magnesite-rich samples 
vary between 0.57 and 6.62. The Sr and MgO contents of the samples 
containing carbonate minerals fluctuate between 178 and 5346 ppm and 
6.23 and 41.74%, respectively. Considering all samples from the TG3 
drilling, very high Sr contents (as high as 15614 ppm) were also 
observed. The Li, B, Br and Sr contents of especially samples taken from 
between 157 and 330 m in the drilling are higher than those of in the 
lower levels (Fig. 8, Table 3), and none of these elements are correlated 
with Ca or Mg. The boron contents in the TG3 drilling samples range 
from 11 to 1453 ppm, and the lithium contents vary between 1 and 316 
ppm. The Br content of all samples varies from 11 to1774 ppm, while the 
Br content of the carbonate-enriched samples ranges between 40 and 
472 ppm (Tables 1–3). 

The δ18O values of dolomite samples from the TG2 drilling range 
from − 3.38 to 2.37‰, while the δ13C isotope values range from − 9.81 to 
− 6.5‰. The δ18O and δ13C values of the two magnesite-rich samples 
from the TG3 drilling range from 7.6 to 10.5‰ and from − 4.8 to − 5.1‰, 
respectively (Table 1). The δ18O values of the dolomite samples from the 
TG3 drilling range from − 3.0 to 5.2‰, and the δ13C isotope values range 
from − 10.8 to 0.04‰ (Table 1, Fig. 8). The δ18O and δ13C isotope values 
of the dolomite samples from the TG6 drilling range from 0. 6 to 5.7‰ 
and from 2.8 to 7.0‰, respectively. Additionally, the δ18O and δ13C 
isotope values of the two magnesite-rich samples from the TG6 drilling 
are between 8.1 and 8.8‰ and between − 6.7 and − 9.5‰, respectively. 
The δ13C and δ18O values of magnesite in all drillings range from − 4.8 to 
− 9.5‰ and from 2.3 to 10.5‰, respectively. The δ13C and δ18O contents 
of dolomite in all drillings are slightly lighter than those of magnesite 
and range from − 10.8 to 0.04‰ and from − 3.4 to 8.8‰, respectively. 

The δ26Mg values of samples containing dolomite and magnesite 
from the TG3 drilling range from − 0.62 and 0.88‰ (Table 2, Fig. 8). 

Table 2 
δ25Mg and δ26Mg values (‰) and Mg contents of samples containing dolomite 
and magnesite from the TG3 drilling.1  

Sample ID (m), Mineral type and 
content (%) 

Mg % δ25Mg SD δ26Mg SD 

TG3-177.3 Dol(45) + Sme(34) 
+ Anh(11.5) + Qz(6.5) + Fsp 
(3)  

9.85 − 0.323  0.064 − 0.587  0.077 

TG3-315.1 Dol(64) + Hl(17) +
Gp(13) + Qz(6)  

15.66 0.241  0.060 0.468  0.074 

TG3-330.15 Dol(66) + Gp(21) +
Hl(10) + Kln(3)  

16.10 0.209  0.061 0.397  0.069 

TG3-335.5 Dol(42) + Qz(31) +
Gp(14) + Anh(8) + Hl(5)  

8.90 − 0.300  0.072 − 0.617  0.075 

TG3-341.9 Dol(46) + Fsp(21) +
Gp(15) + Qz(11) + Hl(2)  

9.85 0.026  0.059 0.052  0.071 

TG3-489.3 Mgs(93) + Qz(4) +
Sme(3)  

23.17 0.175  0.064 0.355  0.070 

TG3-528.4 Mgs(91) + Hl(5) +
Sme(4)  

21.70 − 0.049  0.075 − 0.074  0.079 

TG3-577.8 Anh(79) + Dol(21)  25.89 0.457  0.061 0.882  0.063 
TG3-577.8repeated  25.89 0.445  0.060 0.885  0.064 
QCS (standard)  − 1.911  0.088 − 3.752  0.097 

SD: standard deviation. 
1 Abbreviations: Anh: anhydrite, Dol: dolomite, Fsp: feldspar, Gp: gypsum, Hl: 

Halite, Kln: kaolinite, Qz: quartz, Mgs: magnesite, Sme: smectite. 

Fig. 7. SEM photos of some samples: a) Mg-rich smectite with subhedral dolomite that precipitated from an Mg-rich solution (TG6 693.6 m). b) Bump-shaped, void- 
filled magnesite crystals (TG6 332 m). 
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5. Discussion 

5.1. Precipitation environment of carbonates 

Considering the mineralogical composition, textural properties, 
chemical composition and C, O, and Mg isotope contents of carbonates, 
the paleodepositional environment, the conditions of the depositional 
basin, and its origin were discussed under the following subheadings: 

5.1.1. Evidence from mineralogical and elemental data 
Carbonate minerals (e.g., dolomite and magnesite) were mostly 

observed as thin bands and cavity fillings or as a matrix between 
evaporite minerals, which indicates that these carbonates were precip-
itated before or contemporaneous with the evaporite minerals 
(Figs. 3–5). The magnesites generally occur as monominerals, whereas 
dolomite and anhydrite exhibiting microcrystalline properties, fill the 
gaps between minerals, and show distinctly typical cleavages, and are 
macroscopically interlaminated (0.1 to 10 cm) with clay and evaporite 
minerals. 

These abovementioned properties indicate that the minerals pri-
marily formed by evaporation and were closely associated with an 
inland sabkha environment either by marine water entering through 
permeable rocks (carbonates) or by flooding of marine water into the 
basin (Warren, 2016). Chicken-wire, entherolithic, grass-like selenite 
and nodular structures were observed in the dolomitic layer and are 
typical of synsedimentary to early diagenetic structures formed in 

sabkha environments (Warren, 2016). Additionally, micron-sized, 
rounded dolomite crystals are indicative primary precipitation (Fig. 6 
d). Mg-smectite, together with dolomite or magnesite, occurs under 
high-salinity conditions (Warren, 2016). 

The high MgO and Sr values of the samples are indicators of paleo-
salinity and are concentrated in the evaporation phase of waters in 
closed basins (Gasse et al., 1987). High MgO/(MgO + CaO) ratios, high 
dolomite contents and high δ18O values indicate high salinity (Sinha and 
Smykatz-Kloss, 2003) (Fig. 8). A very weak positive (r = 0.42) or lack of 
correlation is established between the δ18O values and the MgO/(MgO 
+ CaO), Mg/Ca and Sr/Ca ratios indicating that the basin was partially 
hydrologically open during the precipitation of carbonate minerals 
(Sinha et al., 2006). Due to the excessive increase in Mg content in the 
basin, pure magnesite was formed, suggesting high salinity. Some re-
searchers (Melezhik et al., 2001; Sanz-Montero and Rodriguez-Aranda, 
2012; Warren, 2016) pointed out that during carbonate precipitation, 
Mg2+ is enriched in seawater, thus increasing the dolomitization of 
carbonate muds and the resultant materials could proceed toward 
magnesite. 

In terrestrial evaporites, the Sr contents are generally between 60 
and 230 ppm (Krauskopf, 1979), while in marine evaporites, they range 
from 1200 to 3500 ppm (Emelyanov and Shimkus, 1986; Hasselöv et al., 
1999) and 3798 ppm in modern sabkha (Azmy et al., 2013). The Sr 
values of half of the studied samples are within the range of values given 
for marine-originated evaporites while the Sr values of almost all the 
samples are higher than those of terrestrial evaporites. Moreover, the Sr 

Fig. 8. Variations in δ26Mg, δ18O and δ13C values (‰) and semiquantitative dolomite content (% wt.) and MgO/(MgO + CaO) ratios with depth for the TG3 drilling.  
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Table 3 
Some major (%) and trace element content (ppm) of the TG3 drilling samples.  

Depth 
Element 

Al 
% 

B 
ppm 

Ba 
ppm 

Ca 
% 

Fe 
% 

K 
% 

Li 
ppm 

Mg 
% 

Na 
% 

Rb 
ppm 

SO4 

% 
Si02 

% 
Sr 
ppm 

Br 
ppm 

Cl 
% 

157  5.01 1153 5557  0.89  0.74  0.19 74  3.53  0.69 74  0.57  57.70 407 146  1.06 
163  5.17 1263 47  1.04  1.40  0.41 86  3.51  0.60 86  0.16  60.00 341 1775  1.10 
167.7  3.50 1187 41  8.54  2.67  0.66 25  3.64  0.27 25  0.91  50.80 355 1007  0.50 
177.3  2.15 1144 30  12.64  1.83  0.76 73  9.85  0.29 73  2.20  29.40 401 473  0.52 
183  3.02 1166 229  6.87  2.17  1.07 125  8.29  0.31 125  2.38  46.50 5691 287  0.42 
197.7  0.73 1109 82  18.82  0.54  0.24 37  2.40  0.12 37  25.92  1.26 4292 334  0.25 
201.5  0.05 701 3  27.09  0.01  0.02 1  0.05  0.00 1  61.31  10.70 192 197  0.01 
208  1.44 1318 154  11.70  1.15  0.41 79  7.26  0.47 79  18.78  26.40 8092 140  0.82 
213.8  1.22 847 198  14.44  0.93  0.32 71  5.77  0.57 71  18.18  22.90 15,614 178  0.91 
228.5  0.59 508 92  19.44  0.52  0.10 34  2.56  0.34 34  50.54  1.56 2750 1199  0.52 
251.2  9.31 1436 273  1.91  11.03  2.75 316  13.57  3.54 316  12.32  0.26 1179 301  5.46 
273.5  1.30 967 68  20.45  1.07  0.45 68  4.94  0.79 68  49.83  19.70 2708 181  0.85 
277.1  1.16 814 94  24.30  0.91  0.36 68  4.69  0.80 68  47.71  17.60 4378 89  1.25 
287.8  0.38 385 74  22.41  0.40  0.06 24  1.43  0.32 24  48.23  0.33 3150 291  0.49 
291.5  0.67 264 363  2.65  0.73  0.09 126  45.66  2.26 126  4.79  3.06 12,655 1715  3.49 
295.3  0.94 1188 95  1.27  0.71  0.24 100  22.47  1.52 100  1.49  18.90 4635 137  2.85 
303.7  2.82 987 82  10.42  2.01  0.90 136  4.91  1.33 136  13.25  33.10 2450 70  2.15 
312.3  2.92 1007 94  8.84  2.44  1.22 131  6.98  0.86 131  11.13  39.20 2163 82  1.39 
315.1  2.79 1089 79  6.50  2.17  0.93 161  11.66  1.18 161  1.11  38.20 1105 87  2.15 
328.1  0.75 757 15  19.19  0.68  0.24 151  12.95  1.26 151  0.97  22.90 359 61  2.05 
330.2  1.62 788 28  10.72  1.84  0.71 119  11.10  1.33 119  1.79  36.50 190 62  2.11 
335.5  0.72 575 58  12.75  1.03  0.22 38  8.90  0.89 38  5.02  25.00 189 108  1.37 
336  0.05 321 11  22.79  0.04  0.01 1  0.12  0.05 1  53.15  0.11 256 336  0.08 
341.9  0.88 552 41  7.99  1.59  0.27 37  9.85  0.70 37  2.10  36.90 106 67  1.24 
346.9  0.01 376 2  27.95  0.00  0.00 1  0.01  0.12 1  62.50  8.39 141 127  0.20 
346.9  0.04 316 2  28.93  0.03  0.02 1  0.11  0.02 1  61.66  8.92 226 78  0.04 
356.3  0.54 379 33  28.86  0.61  0.16 30  11.26  0.47 30  2.35  11.76 311 86  0.70 
359.8  0.43 245 13  34.10  0.47  0.20 15  0.65  0.15 15  52.27  10.38 222 36  0.25 
367  0.05 272 9  23.57  0.01  0.35 1  0.02  0.01 1  53.79  0.01 252 293  0.01 
367.5  2.54 575 50  10.62  2.50  1.33 100  6.80  1.02 100  9.07  41.50 160 23  1.50 
456.8  0.10 260 10  26.23  0.09  0.03 17  13.29  0.25 17  0.87  6.42 923 48  0.43 
467.2  0.07 238 2  31.25  0.05  0.03 4  0.25  0.04 4  60.07  6.89 183 40  0.08 
479.1  0.68 614 110  9.83  0.58  0.25 69  14.40  0.53 69  11.30  16.30 4794 64  0.99 
482.9  0.29 1453 21  6.72  0.32  0.16 118  19.76  0.70 118  9.29  9.76 1693 49  1.12 
483.1  1.12 587 27  21.51  1.28  0.57 69  2.85  0.49 69  33.94  24.10 1314 65  0.85 
489.3  0.32 578 9  0.92  0.28  0.12 43  25.17  0.72 43  0.61  12.10 1168 66  1.16 
501.6  0.02 28 1  0.22  0.03  0.01 1  0.16  39.53 1  0.30  0.09 30 11  59.20 
503.3  0.01 326 1  0.07  0.00  0.01 1  8.72  16.51 1  33.93  9.52 14 132  26.52 
503.5  0.02 227 2  0.27  0.01  0.03 2  0.22  36.62 2  0.46  7.89 41 17  54.10 
504  0.01 181 1  0.09  0.01  0.03 1  2.75  28.16 1  11.37  9.21 14 39  47.80 
504.4  0.03 284 1  0.47  0.01  0.03 3  7.05  16.57 3  32.07  11.50 117 66  31.50 
507.3  0.49 467 71  10.45  0.43  0.23 37  5.61  11.90 37  29.97  11.60 1940 141  25.20 
508.3  0.30 591 39  11.02  0.23  0.15 33  4.49  13.38 33  31.39  8.60 1923 33  28.50 
509.6  0.03 19 1  0.14  0.02  0.01 2  0.12  37.73 2  0.23  0.10 65 7  61.59 
510.6  0.04 223 6  0.12  0.02  0.02 2  6.56  19.38 2  26.98  1.20 23 88  35.60 
511.3  0.01 204 0  0.04  0.01  0.01 2  8.55  16.56 2  36.35  1.20 4 60  38.50 
512.5  0.02 213 1  0.06  0.02  0.03 2  0.19  35.74 2  0.20  1.10 18 200  58.50 
516  0.56 605 8  11.44  0.50  0.28 31  1.71  13.29 31  33.13  8.10 838 70  25.90 
519  0.13 455 3  8.91  0.18  0.07 20  3.30  19.00 20  25.61  1.80 671 90  32.90 
527  0.01 11 1  0.28  0.01  0.01 1  0.08  41.03 1  0.65  0.05 35 9  57.66 
528.4  0.47 803 107  1.58  0.37  0.16 91  21.70  1.34 91  6.46  3.10 2285 91  2.11 
529.2  1.12 315 197  6.74  0.88  0.46 43  3.76  11.92 43  21.31  8.62 683 88  22.90 
531.2  0.01 179 1  0.04  0.00  0.01 1  8.48  17.81 1  33.86  1.60 8 22  28.90 
533  0.01 183 2  0.18  0.01  0.02 2  5.96  20.93 2  24.15  1.60 53 86  36.50 
534  0.03 206 2  0.57  0.03  0.03 3  0.18  33.37 3  1.54  1.60 100 101  60.20 
536  0.55 606 8  10.51  0.39  0.37 44  5.17  12.88 44  29.47  4.67 631 46  25.30 
537  0.01 13 1  0.22  0.01  0.03 1  0.07  38.57 1  0.53  1.10 34 11  59.54 
537.4  0.01 156 1  0.19  0.01  0.04 1  0.06  36.89 1  0.51  3.47 36 38  57.80 
549  0.42 286 85  23.52  0.31  0.15 21  0.77  0.19 21  54.84  0.17 1761 66  0.30 
555.4  2.21 397 110  8.72  1.74  1.00 66  10.54  0.80 66  7.38  22.90 658 56  1.35 
563.8  0.58 173 66  19.92  0.48  0.14 16  2.71  0.29 16  25.91  12.27 1982 30  0.42 
567  0.13 230 10  22.59  0.08  0.01 3  0.20  0.03 3  52.02  0.23 237 138  0.04 
571.4  0.03 202 6  22.07  0.01  0.01 1  0.02  0.02 1  50.56  0.04 190 37  0.03 
577.8  0.19 359 134  25.75  0.18  0.01 29  5.89  0.18 29  36.33  0.74 1119 300  0.27 
603.8  2.59 180 60  14.40  2.89  0.94 27  6.07  0.51 27  0.11  29.20 273 136  0.82 
612.3  3.39 170 99  12.17  3.11  1.03 27  4.49  0.73 27  0.36  39.70 261 78  1.20 
625.4  2.29 111 289  15.04  2.55  0.64 21  5.53  0.40 21  0.08  30.70 343 94  0.65 
641  2.97 128 49  10.36  2.37  1.09 38  8.31  0.56 38  0.86  35.00 279 55  0.88 
643  3.37 127 58  11.33  3.40  1.04 32  4.18  0.68 32  0.12  35.10 357 87  1.06  
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values of the many samples are higher than those of marine to hyper-
saline dolomites (500–800 ppm; Land, 1980) and ancient marine or 
marine meteoric dolomites (generally < 200 ppm, Oliveri et al., 2010 
and reference therein). The high Sr contents of the samples may be 
sourced from seawater inflowing during the precipitation of celestine 
(Karakaya et al., 2020). No significant clear relationship was not found 
between Sr and Ca in the core samples (Table 1, Fig. 9). The late 
Miocene-Pliocene calc-alkaline volcanism observed among evaporite 
layers in the study area may have mostly caused the high Sr concen-
trations. The maximum Sr content was determined to be 4045 ppm in 
the volcanic rocks (Kadir et al., 2014). Diagenetic crystallization with 
progressive burial may cause the loss of Sr from the sediment column 
(Plank and Langmuir, 1998). The Br and Sr contents vary over a very 
wide range, and their conservative behaviors are used as salinity in-
dicators (Warren, 2016). The Br content of the carbonate-enriched 
samples is higher than both marine-originated halite (e.g., 60–280 
ppm, Petrychenko et al., 2005; 49–77 ppm, Vovnyuk and Czapowski, 
2007; 52–191 ppm; García-Veigas et al., 2009) and halites with primary 
textures, which have the lowest marine Br content (<13 ppm; Salvany 
et al., 2007). The Br content of carbonate-rich minerals deposited in the 
same basin with halite is higher than that of marine-originated halite, 
indicating that seawater fed the basin and that the carbonates are of 
marine origin. Moreover, the Br, B, Sr, and some Li content are high 
between 157 and 350 m in the borehole and decrease with depth 
(Table 3, Fig. 9). The clear enrichment of B, Sr and Li elements at 
shallow levels compared to deep levels may be related to an increase in 
the content of clay minerals and volcanic material. The dissolution of the 
previously precipitated the middle Miocene marine halites may also 
have caused an increase in Br content in deposits found in the upper 
level (Ercan et al., 2019; Karakaya et al., 2019, 2020). Therefore, the 
carbonates deposited simultaneously with evaporites could be from a 
hypersaline coastal plain environment/lagoon. 

5.1.2. Implications from C and O isotopes 
The carbon isotope values of the carbonate minerals vary over a wide 

range from − 10.78 to 0.04‰. The δ13C values of half of the TG3 drilling 
samples are somewhat close to those of marine carbonates (0‰; Veizer 
et al., 1999 and references therein, and − 3 to +3‰, Whitley et al., 2019 
and references therein), while the values for other samples from TG3 are 
considerably lower than marine values and more similar to those of the 

TG2 and TG6 drilling samples (Table 1, Fig. 8). The slightly negative 
δ13C values of dolomite and magnesite (down to − 10.8‰) may partially 
be due to the degradation of organic matter during the carbonate min-
eral precipitation. δ13C values can be depleted by up to − 22 to − 30‰ 
when if organic substances undergo high amounts of diagenesis (Dela 
Pierre et al., 2012). The δ13C values of the studied carbonate minerals 
are quite higher than the values given by Dela Pierre et al. (2012). 
Therefore, the slightly negative δ13C values of the carbonate minerals 
indicate that the waters in the basin were not subject high organic 
matter degradation, which would favor the formation of CO2 of organic 
origin. 

The oxygen isotope values of the carbonate minerals also vary over a 
wide range from − 3.4 to 10.5‰. The δ18O values of carbonate minerals 
and other evaporites can be used to explain the effects and changes in 
climate and water chemistry and to evaluate the paleogeography in the 
sedimentation area. Oxygen isotope fractionation is principally 
controlled by evaporation and concentration mechanisms of water at the 
hydrosphere-atmosphere interface (Horita et al., 1994). Positive δ18O 
values indicate that deposition has occurred under evaporative condi-
tions, while partial bacterial sulfate reduction (BSR) processes cause 
less-negative δ13C values (Manzi et al., 2011). The presence of carbonate 
minerals together with other evaporite minerals in the study area and 
the positive δ18O values of the studied carbonates show that carbonates 
precipitated mostly from highly evaporated water. The more positive 
δ18O values of the mostly magnesite-enriched samples show that the 
minerals precipitated in an arid climate and that evaporation processes 
caused δ18O enrichment (from − 3.4 to 10.4‰). In addition, the 
enrichment of δ18O values in the magnesite-rich samples (Fig. 9, 
Table 1) is also explained by the following mechanisms (Dela Pierre 
et al., 2012): a) positive δ18O isotope values of carbonates from the 
evaporation of seawater and b) flushing of sediments with methane-rich 
fluids. The presence of bituminous shale and petroleum occurrence at 
levels usually containing magnesite and/or dolomite at approximately 
500 m in all the drillings in the study area indicate the effect of methane- 
rich fluids. Kralik et al. (1989) published the δ18O values (from − 0.9 to 
8.8‰) of magnesites, which are very close to those of the studied car-
bonate minerals, and explained that the low δ18O indicate a humid 
climate while the high δ18O values signify high salinity. 

There is no correlation between the dolomite contents and the δ18O 
values of the same samples, while there is a very weak correlation 

Fig. 9. Variations in some element contents with depth for the TG3 drilling.  
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between the MgO/(MgO + CaO) ratios and the δ18O values, which in-
dicates that the basin was partially hydrologically open with seawater 
intrusion (Fig. 8). For large, closed lake basins, especially in arid zones, 
both the δ18O and δ13C values show high correlations (generally posi-
tive) (Leng and Marshall, 2004). There is no significant correlation (r <
0.35) between the δ13C and δ18O isotope compositions of the carbonates 
in the Tuz Gölü basin, indicating that they were deposited in a hydro-
logically open basin (Figs. 8, 10). Talbot (1994) explained that the wide 
range of δ13C values combined with relatively limited δ18O variation is 
typically characteristic of hydrologically open basins. In addition, 
Schobben et al. (2016) stated that the presence of a positive relationship 
between these isotopes indicates partial diagenetic alteration of marine 
carbonates. Here, both the δ13C and δ18O values of the investigated 
carbonates show wide-ranging variations (e.g., the standard deviations 
of these isotopes are 3.9 and 3.2‰, respectively). In contrast, modern 
closed lake carbonates show isotopic variations higher than r > 0.8, and 
thus, Talbot (1994) proposed that the range of δ18O values and degree of 
covariance can be used to distinguish between hydrologically open and 
closed lake basins. The δ18O and δ13C values of the studied dolomite and 
magnesite samples in the present study fall neither in the closed lake nor 
open lake areas defined by Talbot (1994), and do not show diagenetic 
alteration (Fig. 10). Most of the samples show high δ18O and low δ13C 
values, and a few samples fall in the range of marine dolomite areas 
defined by Geske et al. (2015). Therefore, the O and C isotope compo-
sitions may indicate that the carbonates were precipitated in environ-
ments such as lagoonal, subtidal or estuarine environment exposed to 
seawater incursion. According to the δ18O and δ13C values on the graph 
of Manzi et al. (2011) (Fig. 11), the positive δ18O values that fall in the 
open marine and evaporative areas on the graph (Fig. 11) indicate that 
precipitation was occurred by the strong evaporation of seawater in the 
environment, while incomplete BSR processes caused less negative δ13C 
values (Manzi et al., 2011). 

5.1.3. Mg Isotopic record of the carbonates: Evidence of seawater incursion 
The δ26Mg values of the studied samples can be divided into two 

groups; the first group has negative values between − 0.62 and − 0.07‰ 
and the second group has more positive δ26Mg values between 0.05 and 
0.88‰ (Table 2). The negative values are very close to the δ26Mg values 
(− 0.82 ± 0.06‰, n = 26, Foster et al., 2010) for current marine con-
ditions. The δ26Mg values change within a narrow range and most of 
these values are within the range of the values given for marine sedi-
ments (− 3.65 to +0.52‰; Teng, 2017) (Fig. 8). The δ26Mg values of the 
all samples display a positive correlation (r = 0.80; dolomite containing 
samples: r = 0.90) with the MgO content, indicating that Mg-enriched 
water was present during carbonate precipitation. Magnesium isotope 
compositions have been investigated in many studies as a paleo-climatic 

Fig. 10. δ18O and δ13C values of the studied dolomite and magnesite samples (Table 1), and areas of open and closed lakes were modified from Talbot (1994).  

Fig. 11. Diagram showing paleoenvironments (after Manzi et al., 2011) of the 
carbonates using δ18O and δ13C values from the TG2, TG3 and TG6 drillings. 
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markers for both marine and non-marine environments (Li et al., 2012 
and references therein; Teng, 2017 and references therein). In addition, 
Mg isotope fractionations in evaporitic deposits provide information 
regarding the openness of the system, paleo-moisture levels and paleo- 
hydrological aspects of the environments (Foster et al., 2010; Li et al., 
2011; Geske et al., 2015; Meng et al., 2019 and references therein). 
Magnesium can be sourced from mostly magmatic (mainly mafic to ul-
tramafic rocks), hydrothermal, or sedimentary sources (dolostone and 
Mg-rich clays). Sedimentary carbonate rocks have variable Mg isotope 
values that are lower than those of igneous rocks while limestones 
sedimentary dolostones and marlstones usually show more negative 
δ26Mg values (δ26Mg < − 2.5‰) (Meng et al., 2019 and references 
therein). In addition, Geske et al. (2015) stated that the δ26Mg values of 
dolostones showed a relatively broad range (− 2.49 to − 0.45‰; mean =
− 1.75 ± 1.08‰, n = 42), whereas the δ26Mg values of normal marine 
sedimentary dolostones ranged from − 2.29 to − 1.09‰. Ma et al. (2015) 
explained that chemical decomposition of shales can cause significant 
fractionation of Mg isotopes. Teng (2017) reported that carbonate-rich 
sediments are generally enriched in light Mg isotopes, while silicate 
minerals are enriched with heavy Mg isotopes. In the studied samples, 
the lack of a significant increase in Mg isotope values at deeper levels of 
drilling and a close-to-one correlation (r = 0.99) between light Mg and 
heavy Mg isotopes may indicate that carbonate or silicate minerals in the 
basin did not affect these isotope values. Additionally, the absence of a 
significant increase in Mg isotope values at deep levels of drilling may 
indicates that the diagenetic effect is not significant while increased 
evaporation in the basin and precipitation of halite and sulfate minerals 
may have caused an increase in the Mg content and the occurrence of 
partially inhomogeneous isotope values. 

Crystallization of the sulfate minerals (gypsum/anhydrite) 
commonly found in the basin (Karakaya et al., 2020) increased the Mg/ 
Ca ratio and resulted in the formation of Mg-enriched solutions (brines), 
subsequently leading to magnesite precipitation. Water interactions 
with basement rocks (ultramafic rocks and dolomitic limestones) may 
also have affected the Mg2+ content and, therefore, the enrichment of 
δ26Mg in the solution. In addition, the clay content (especially Mg- 
smectite and sepiolite minerals) and diagenesis represent another 
effective geological mechanism that causes enrichment of δ26Mg values 
in the basin. The δ26Mg values of the investigated samples are higher 
than those from the global mean values of rivers (− 1.09‰; Tipper et al., 
2006). In addition, rivers draining carbonates usually have lighter Mg 
isotopic compositions than those draining silicates while low δ26Mg 
values (between − 1.70 and − 1.18‰) were determined in groundwater 
where carbonate rocks are common (Teng, 2017). The Cambrian to 
Tertiary basement rocks (Central Taurus) in the eastern and southern 
parts of the Tuz Gölü Basin are generally composed of carbonate, 
ophiolites and sedimentary- metasedimentary rocks formed in shelf 
environments (Demirtaşlı et al., 1984; Fig. 1b). The measured Mg 
isotope values indicate that the effects of rivers and groundwater 
draining from the carbonate rocks in question were quite weak. Since 
the δ26Mg values of the seawater in the Middle Miocene were nearly 
constant (~ 0‰; Pogge von Strandmann et al., 2014) and the δ26Mg 
values of rivers (− 1.09‰) and δ26Mg values of basement rocks (e.g., 
carbonates and ultramafics) (− 0.25‰, Meng et al., 2019) were low, the 
δ26Mg values of the samples in the Tuz Gölü Basin may have been 
affected by decomposition of detrital sediments containing Mg-rich 
minerals and may also have been linked to marine water. Similarly, 
Gothmann et al. (2017) reported that the increase in the Mg content of 
seawater in the Cenozoic was mainly due to an increase in Mg-silicate 
decomposition or a decrease in Mg uptake in marine silicates. The re-
searchers also proposed that changes in the rate of carbonate decom-
position and dolomite formation likely played a minor but not 
insignificant role in the global Mg cycle in the Cenozoic. Additionally, 
Pogge von Strandmann et al. (2020) reported that weathering is the 
primary source of Mg in oceans, and smectites and most of other sec-
ondary silicates preferably take up heavy Mg isotopes, while the 

remaining waters are isotopically light. In summary, the contribution of 
seawater, which caused increased δ26Mg values in the basin, may have 
led to more positive δ26Mg values because the isotopic values of 
seawater are always heavier than those of river water (Fan et al., 2016). 
Furthermore, many researchers have reported that the Mg isotopic 
variation is not related to the age or type of dolostones but is mainly 
related to changes in the Mg isotopic composition of fluids, dolomite- 
fluid fractionation factors and diagenesis (Geske et al., 2015; Teng, 
2017 and reference therein). The variations in the Mg isotopic values of 
the Tuz Gölü samples may be related to different diagenetic processes 
(burial effect), the alteration of source rocks and variation in the Mg 
sources during precipitation processes. 

The presence of marine water contributions to the precipitation of 
evaporites in the Tuz Gölü basin has also been supported by various 
isotope (δ7Li, δ11B, δ18O, δ34S, δ37Cl, δ81Br, and 87Sr/86Sr) results and 
element contents in halites and sulfates (Ercan et al., 2019; Karakaya 
et al., 2019, 2020). In the southern part of the CAP, during the evaporite 
deposition period, the mixing of sea water into the basin is related to the 
fact that the topography at that time is different from today (Fig. 12). 
Öğretmen et al. (2018) declared that most of the topographic altitude, 
which reaches up to 2 km today and is an important barrier separating 
the study area from the Mediterranean, forms the southern boundary of 
the CAP including the study area, and does not occur before 5 Ma. 

All isotopic (C, O and Mg) data, geochemical, mineralogical, litho-
logical results and previously determined diatom species in the study 
area showed that the studied region was a shallow-water environment, 
e.g., lagoon, estuary, subtidal and marsh environments, which are 
mostly environments where seawater incursion is effective, and show 
hydrologically open basin properties (Fig. 12). In addition, Schildgen 
et al. (2012b) stated that the southern part of the Mediterranean, 
including the study area, was below sea level and that marine sediments 
were deposited in many basins prior to 8 Ma (Fig. 1). In the study area, 
nonevaporitic sediments were deposited during the period when sea 
water flooded the basin, and evaporites were deposited during the pe-
riods when the sea water withdrew. During the withdrawal periods arid 
conditions were effective and evaporites were deposited (Fig. 12). 
Therefore, the trapped seawater in the basin played an important role in 
the origin of the precipitated evaporite minerals. Furthermore, Hüsing 
et al. (2009) stated that approximately 11 Ma is the youngest possible 
age for a deep marine connection between the Mediterranean-Atlantic 
and Indo-Pacific regions. In addition, Boulton and Robertson (2007) 
reported in their study performed in the southern region of Turkey that 
during the middle Miocene, tectonic subsidence during a time of sea- 
level rise favored the deposition of shallow-marine carbonates on an 
overall northward-deepening carbonate ramp, with lagoons and reefs 
developed locally. Hence, the previously published results of some re-
searchers (Karakaya et al., 2019, 2020; Ercan et al., 2019) and the 
findings of other researchers (Boulton and Robertson 2007; Hüsing 
et al., 2009; Schildgen et al., 2012b) coincide with the data obtained in 
the present study. 

6. Conclusion 

The main results obtained in this study are summarized below:  

1. The high variations in both δ13C and δ18O values and the lack of a 
correlation between δ18O values and MgO/(MgO + CaO), Mg/Ca and 
Sr/Ca ratios may indicate that the investigated evaporite deposits 
were precipitated in a lagoon environment exposed to seawater 
incursions.  

2. The low δ13C values (− 10 to 0.04 ‰) and high δ18O values (− 3.4 to 
10.5 ‰), lack of covariance between the isotopes, and the presence 
of indicative evaporite minerals indicate the presence of arid con-
ditions during the regressions.  

3. The δ18O values of both dolomite- and magnesite-bearing samples 
reveal that the carbonate precipitated from fluids mainly derived 
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from seawater and evaporation was intense when seawater was 
withdrawn from the basin. 

4. The Mg isotope compositions of carbonates indicate of seawater in-
cursions into the basin.  

5. Moreover, mineralogical, elemental, and isotopic data of the study 
indicate that the MSC causing the formation of the middle to late 
Miocene deposits in the southern coast of Turkey may have also 
affected the formation of the studied evaporites. 
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