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ARTICLE INFO ABSTRACT

Deposition of large amounts of evaporites and erosion of deep canyons within the Mediterranean Basin as a
result of reduced basin connectivity with the Atlantic Ocean and the epicontinental Paratethys Sea characterized
the Messinian Salinity Crisis (MSC, 5.97-5.33 Ma). The influence of the MSC on Mediterranean environmental
conditions within the basin itself has been intensely studied from marine records, but reconstructing the impact
of the MSC on circum-Mediterranean continental climate has been hampered by the absence of continuous
sedimentary archives that span the duration of the event.

Here, we report results of a continental record of carbon (8'3C) and oxygen (8'%0) isotopes from lake car-
bonates framed by new magnetostratigraphic and “°Ar/>*°Ar dating, as well as by existing mammal stratigraphy
(Kangal Basin, central Anatolia). The sampled section records continuous fluvio-lacustrine sedimentation from
~6.6 Ma to 4.9 Ma, which spans the MSC and the Miocene-Pliocene boundary. This dataset so far represents the
only continuous continental paleoenvironmental record of the MSC in the circum-Mediterranean realm.

The Kangal Basin isotope record indicates a low degree of evaporation. Furthermore, covariance between
8'3C and 8'80 suggests a coupling between lake water balance and biologic productivity. Variations in §'*C and
880 therefore likely reflect changes in the amount of incoming precipitation, rather than changes in 8'80 values
of incoming precipitation. The most prominent spike in §'3C and §'®0 occurs during the acme of the MSC and is
therefore interpreted to have resulted from a decrease in the amount of incoming moisture correlative to a period
of vigorous erosion and sea level lowering in the Mediterranean Basin. Major sea level lowering of
Mediterranean basin waters during the acme of the MSC could have therefore led to slightly dryer conditions
over Anatolia, which is also suggested by modeling studies. Overall, changes in 8'C and 8'80 values are small.
Therefore, we surmise that the MSC had limited effects on the paleoenvironmental and paleoclimatic conditions
in the Anatolian interior.
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1. Introduction deep canyons along its margins (Hsii et al., 1973; Rouchy and Caruso,

2006). Numerous brackish-marine sediment occurrences document the

Periods of restricted connectivity between the Mediterranean Sea
and the Atlantic Ocean, as well as with the large epicontinental
Paratethys Sea, characterized the Mediterranean region during the
Messinian Salinity Crisis (MSC, 5.97-5.33 Ma; Fig. 1). The epiconti-
nental Paratethys Sea stretched from the Carpathians to the Caspian Sea
via the Black Sea from the middle Miocene to the (early) Pliocene (e.g.
Krijgsman et al., 2010). Between 5.60 and 5.55 Ma the MSC culminated
in halite precipitation within the Mediterranean Basin and incision of
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dramatic paleoenvironmental changes that accompanied the MSC sea
level fluctuations. Whereas the impact of these large-magnitude
changes in sea level provided detailed insight into Mediterranean Basin
dynamics and paleoenvironments (e.g. Roveri et al., 2014; Flecker
et al., 2015), continuous continental records in the circum-Mediterra-
nean region have been lacking. Besides being fragmentary, existing
European continental records commonly lack the necessary chron-
ological framework to precisely correlate the different phases of the
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Fig. 1. a) Map of the Mediterranean Sea-Black Sea-Caspian Sea region with outlines of (pre-) Messinian Mediterranean and Paratethys basins and Messinian Mediterranean evaporites
(modified from Krijgsman et al., 2010). Yellow star: Kumarl section, Kangal Basin (this study), A = Aegean.
b) Schematic representation of major air mass trajectories affecting Anatolian climate today including high and low pressure systems (modified from Schemmel et al., 2013):

¢ = continental, m = marine, MED = Mediterranean, P = polar, T = tropical.

MSC with basin development. The MSC occurred entirely within mag-
netic polarity chron C3r and, in order to resolve the stages of the MSC,
one must have additional age information (cyclostratigraphy, stable
isotopes, radiometric dating). As a consequence, existing circum-Med-
iterranean continental records only accurately document paleoenvir-
onmental change prior to, and after the MSC, but lack the necessary
precision and resolution across this critical time interval (e.g. Pavlakis,
1999; Fauquette et al., 2006). Atmospheric circulation models that
track changes in temperature and precipitation as a result of the (par-
tial) desiccation of the Mediterranean Basin during the MSC predict a
large increase in precipitation over North Africa, but no significant
change anywhere else around the Mediterranean Sea (Schneck et al.,
2010). This pattern is confirmed by Tethys Sea shrinkage models over
the period preceding the Messinian (Tortonian, ~11-7 Ma; Zhang et al.,
2014). In addition to the environmental effect of the MSC, precession-
controlled variations in sediment composition since at least the Serra-
valian reveal significant longer-period changes in Mediterranean basin-
water hydrology (e.g. Rohling et al., 2015). Alternations of marls,
limestones, diatomites and sapropels of late Miocene age likely resulted
from orbitally driven variations in freshwater input from the African
continent as a result of modifications to the African Summer Monsoon
(ASM; e.g. Marzocchi et al., 2015). Precessionally driven changes in the
ASM modify the composition of the Mediterranean Outflow Waters
(MOW) produced in the Mediterranean Sea and delivered to the
Atlantic Ocean. Variations in MOW have been shown to affect the
Atlantic Meridional Overturning Circulation (AMOC), and consequently
northern hemisphere climate during the past 150 kyrs (Bahr et al,,
2015). Modeling of MOW modification during the MSC similarly shows
its influence on the AMOC (Ivanovic et al., 2014). Given that changes in
the thermohaline circulation of the North Atlantic lead to northern
hemisphere climate change, one may also expect to find variations in
continental N-Mediterranean climate during the MSC.

Here, we provide the first continuous record of paleoenvironmental
proxy data (lake carbonate 8'C and §'®0) through the MSC from the
Kangal Basin (Central Anatolia, Turkey), located centrally within the
Mediterranean-Paratethys region (Fig. 1a). Based on a combination of
magnetostratigraphy, “°Ar/*°Ar geochronology and existing mammal
stratigraphy, we establish a coherent chronology for the upper Miocene
to Pliocene fluvio-lacustrine basin infill and evaluate changes in §'*C
and 880 with respect to the timing of major sea level change in the
basin interior.

The Kangal Basin is located within the semiarid Central Anatolian
Plateau (CAP) and river systems currently drain it to three separate
marine basins: the Mediterranean Sea, the Black Sea and the Persian
Gulf (Fig. 2a). The lake that occupied the Kangal Basin during the
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Miocene and Pliocene covered an area of at least 150 km X 30 km,
therefore integrating climatic conditions over a sizeable portion of the
CAP. At present, the CAP interior receives a significant part of its pre-
cipitation from the Atlantic Ocean, which is recycled on its way to the
CAP over the Mediterranean and Black Sea basins (Fig. 1b; Schemmel
et al., 2013). Restricted connectivity of the Mediterranean Sea with the
Atlantic Ocean and the Paratethys during the MSC resulted in periods of
a negative Mediterranean water balance. This resulted in an increase of
8D values in the Mediterranean Basin water by up to 70%o (Vasiliev
et al.,, 2013, 2015). Eastward transport of moisture evaporating from
the Mediterranean and western Paratethys by westerlies may therefore
have affected the oxygen isotopic composition of precipitation in cen-
tral Anatolia. An increase in §'®0 can be expected during the acme of
the MSC (5.60-5.55 Ma) when the amount of moisture reaching central
Anatolia decreased owing to the drying of the Mediterranean Basin.
Conversely, a decrease in §'%0 values can be expected following the
MSC owing to an increase in precipitation and a more positive water
balance, as observed in other proxy studies (Kayseri-Ozer, 2017). In this
study, we assess the impact of the Mediterranean environmental crisis
on climate and environment in the Eastern Mediterranean continental
interior

2. The Messinian (Salinity Crisis) in the Mediterranean and
Paratethys basins

The transition into the MSC since the late Tortonian occurred in a
stepwise fashion and was driven by long-term orbital forcing with a
periodicity of 400 kyr (Kouwenhoven et al., 2003), superimposed on a
gradual, tectonically induced Atlantic-Mediterranean gateway closure
(e.g. Roveri et al., 2014) that eventually led to the MSC. The MSC has
been divided into three stages (e.g. Roveri et al., 2008, 2014): 1) pre-
cessionally forced, cyclic gypsum (dominantly selenite)-shale couplet
deposition in marginal and deposition of organic-rich shales and do-
lostones in deeper Mediterranean sub-basins (Primary Lower Gypsum,
PLG; 5.971-5.60 Ma); 2) reworking of PLG stage deposits and deposi-
tion of evaporites and brecciated limestones in the deep basins (Re-
sedimented Lower Gypsum, RLG; 5.60-5.55Ma) as a result of wide-
spread subaerial erosion due to a significant drop in sea level. This acme
of the MSC coincides with an orbital configuration that resembles that
of the onset of the MSC, in which obliquity-controlled glacial stages
TG12 and TG14 and their associated environmental impacts (water
level and temperature) were likely superimposed (e.g. Van der Laan
et al., 2005); and 3) clastic, evaporite-free deposits in the northwestern
basins, and precession-driven cyclic alternations that include selenite
and cumulate gypsum alongside terrigenous marls and sandstones
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(Upper Gypsum, UG; 5.55-5.33) in the southeastern basins. Stage 3
ends at the start of the Zanclean, when connectivity with the Atlantic
Ocean was fully restored.

Within the upper part of the Upper Gypsum stage, brackish fauna of
Paratethyan affinity are widespread within the Mediterranean Sea;
episodic connections of the Mediterranean with the Paratethys via the
Aegean Sea occurred since 11 Ma (Popov et al., 2006). Isolation of
Paratethys from Mediterranean (and thus Atlantic) waters occurred as a
result of a significant base-level drop of the Mediterranean during the
MSC, which also led to negative changes in the water budget of the
Paratethys (Vasiliev et al., 2013, 2015, 2017).

3. Geology of Anatolia and the study area

The geology and topography of Turkey have been shaped by con-
vergence between the African and Eurasian continents (Sengor and
Yilmaz, 1981). During the Late Cretaceous to Paleocene, closure of the
Neotethys ocean led to Africa-Eurasia collision in present-day Anatolia
(Kaymakci et al., 2009; Meijers et al., 2010). Several large volcanic
centers, including the Miocene Yamadag, Galatia and Central Anatolian
volcanic provinces (CAVP; Fig. 2a), formed since the middle Miocene
(e.g. Wilson et al., 1997; Giirsoy et al., 2011; Aydar et al., 2012).

Deformation driven by ongoing Africa-Eurasia collision and exten-
sion in the Aegean (Fig. 1a) is currently accommodated by the west-
ward escape of the Anatolian microplate between two conjugate strike-
slip faults: the North and East Anatolian Faults (NAF and EAF, respec-
tively; Fig. 2a). Following widespread distributed deformation related
to the assembly of Anatolia, including significant displacement on the
sinistral Ecemis Fault of the Central Anatolian Fault Zone in the early
Cenozoic (Fig. 2a; Kocyigit and Beyhan, 1998; Jaffey and Robertson,
2001; Umbhoefer et al., 2007), a transition from “proto-escape” to “full-
escape tectonics” in Anatolia occurred after the middle Miocene, when
individual strands of the NAF and EAF started to become active (e.g.
Sengor et al., 1985). Since the latest Miocene, central Anatolia has been
in a (trans)tensional state (e.g. Ozsayin et al., 2014). At present, large
parts of central Anatolia are covered by Neogene sedimentary and
volcanic rocks (Fig. 2a).

The ENE-WSW oriented Kangal Basin overlies a basement of
Paleozoic to Mesozoic sedimentary and volcanic rocks, as well as
ophiolites (Fig. 2b). Continental deposition has been prevalent over
central Anatolia since the Oligocene, although a number of marine in-
cursions have been identified. The youngest dated marine deposits in
the nearby Sivas Basin and its surroundings are of Langhian age (15.97
to 13.82 Ma; Poisson et al., 2016), whereas an extrapolated, younger
9.90 Ma age for the marine deposits was estimated based on a constant
sedimentation rate of mid-Burdigalian marine sedimentary rocks
(~18.92-17.97 Ma; Ocakoglu et al., 2018). The youngest lacustrine,
flat-lying sedimentary rocks of the Kangal Basin unconformably lap
onto middle Miocene sedimentary rocks and consist of claystones,
limestones and marls with occasional occurrences of conglomerate. The
fluvio-lacustrine successions of the Kangal Basin are capped by a mesa-
forming basalt dated at 5.88 + 0.77Ma (K-Ar, whole rock age;
Platzman et al., 1998). No rocks are exposed above the basalt level. A
mammal locality (Kangal 1; Unay et al., 2003; The NOW Community,
2017) within a laterally equivalent section places the sampled section
into MN13 (7.4/6.8-5.3 Ma; Hilgen et al., 2012).

4. (Paleo)environment of central Anatolia

Present-day climatic conditions in the CAP interior are controlled by
its position within the Eastern Mediterranean realm, its elevation
(> 1km), as well as its location between two orographic barriers: the
Pontide Mountains (Mts) to the north and the Tauride Mts to the south
(Schemmel et al., 2013). Mean annual temperature (MAT) in the
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plateau interior averages 4-10°C, while mean annual precipitation
(MAP) averages 300-500 mm. Surface uplift of the CAP and the de-
velopment of the orographic barriers since ca. 8 Ma (e.g. Yildirim et al.,
2011; Cosentino et al., 2012), in combination with overall Cenozoic
global cooling (Zachos et al., 2001), likely affected the climate and
environment of central Anatolia.

During the early and middle Miocene, central Anatolia was char-
acterized by a humid, subtropical climate, with palynoflora-based MAT
estimates between 16°C and 21°C (Akgiin et al., 2007). Estimated
MATSs dropped to ~14-17 °C by the early late Miocene. MAP estimates
for the early to early late Miocene based on palynofloras range between
1000 mm and 1400 mm (Akkiraz et al.,, 2011); estimates for the
northern CAP are slightly lower at ~900 mm (Mazzini et al., 2013).
Temperature reconstructions based on a review of floral data in Ana-
tolia show an increase in temperature from the Tortonian to the be-
ginning of the Messinian, followed by a significant temperature drop
throughout the Messinian (Kayseri—Ozer, 2017). MAPs average
~1200 mm during the late middle Miocene and late Miocene, with the
exception of estimated MAPs of < 1000 mm during the earliest Messi-
nian. Plant-derived MAP estimates increase distinctly across the Mio-
Pliocene boundary (Kayseri—f)zer, 2017).

Phytolith data from central Anatolia indicate the presence of open-
habitat grassland alongside woodland and forest vegetation throughout
the Miocene (Stromberg et al., 2007). Open-habitat grassland becomes
increasingly dominant during the late Miocene (Stromberg et al., 2007),
which is in agreement with observations from mammal studies in the
nearby Sivas Basin (Fig. 2; e.g. Kaya and Kaymakci, 2013). Similarly, a
recent study based on mammal dental ecometrics and faunal similarity
shows that mammal faunas from the late Miocene of central Anatolia
adapted to increasingly open habitats as a part of the intercontinentally
developing Old World savannah paleobiome (Kaya et al., 2018). Based
on sciurid fossils, a late Miocene central Anatolian paleoenvironment
composed of forested areas with tree and flying squirrels, as well as an
open environment with ground squirrels was reconstructed (Bosma
et al., 2013). The study includes two species of ground squirrels that
were retrieved from the Kangal 1 mammal site. Paleovegetation re-
constructions based on Messinian micro- and macrofauna show a large
variety of vegetation types over central Anatolia, including mixed me-
sophytic forests, broad-leaved evergreen forests and xeric open wood-
lands or steppes, including areas with high percentages of zonal herb
components (Kayseri-Ozer, 2017). During the Pliocene, the values of
the sclerophyllous, legume-like and zonal herb components increased
over Anatolia. A relative increase of broad-leaved components in cen-
tral Anatolia with respect to western Anatolia may result from a higher
topography over central Anatolia in the Pliocene (Kayseri-Ozer, 2017).

In contrast to today, vast parts of Anatolia were covered with lakes
during the late Miocene, and some regions have intermittently hosted
extensive lakes well into the Holocene, such as the area west of the Tuz
Go6lii Fault (Fig. 2a; e.g. Leng et al., 1999; Jones et al., 2007; Dean et al.,
2013). The only sizeable present-day lake is the highly evaporative Tuz
Golii (i.e. salt lake). The lake that once covered the Kangal Basin may
have been well over 150 km long and about 30 km wide. Its size sug-
gests that this lake was fed by a large river system, therefore integrating
climatic and environmental conditions over a significant part of Ana-
tolia. Moisture that reached the Kangal region from the Atlantic, Black
Sea and Mediterranean basins likely had to cross the orographic bar-
riers of the Pontide and Tauride Mts (Yildirim et al., 2011; Schemmel
et al., 2013). Lake Kangal may, therefore, have recorded changes in
moisture sources and fluxes during the MSC. Interestingly, the wa-
tershed between the Mediterranean Sea (Seyhan River) and the Persian
Gulf (Euphrates River) is currently situated in the Kangal Basin
(Fig. 2a). The topographic ridge that forms the northern margin of the
Kangal Basin separates the basin from the catchment area of the Kizi-
lirmak River, which flows towards the Black Sea.
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Fig. 3. a—c) Examples of representative orthogonal vector diagrams (Zijderveld, 1967). Closed (open) circles indicate projection on the horizontal (vertical) plane; int = intensity of the
lowest displayed demagnetization step. Stratigraphic level of each diagram indicated in the lower left corner.

d) Stratigraphic log of the sampled Kumarli section.

e) Paleomagnetic results (declination, inclination of the ChRM). For symbols we refer to the legend in the figure.

f) (Magneto)stratigraphy of the Kumarli section (black = normal, white = reverse) and its correlation to the GPTS (g), including the associated sedimentation rates. Grey-colored
intervals indicate mixed polarity levels or single levels with an opposing polarity compared to the surrounding levels. The three MSC stages (PLG, RLG, UG), as well as the age of the basalt
are correlated to the stratigraphy using a continuous sedimentation rate of 7.1 cm/kyr after chron C3An.1n.

g) Time scale for the late Miocene (Tortonian, Messinian) and early Pliocene (Zanclean), including the Mammal Neogene (MN) Units as Interval Biochrons, as well as the chronos-
tratigraphy (black: normal polarity, white: reverse polarity; Hilgen et al., 2012). The mammal locality (Kangal 1; Unay et al., 2003; The NOW Community, 2017) within a laterally

equivalent section places the sampled section into MN13 (7.4/6.8-5.3 Ma).

PLG: Primary Lower Gypsum, RLG: Resedimented Lower Gypsum (MSC acme) and UG: Upper Gypsum.

5. Methods
5.1. Field approach and sampling

The Kumarli section was sampled for paleomagnetism and carbon
(8'%C) and oxygen (8'®0) isotope geochemistry within the continental
upper Miocene Kangal Basin (Fig. 2). The logged section covers 135m
(Fig. 3d); it consists of an alternation of (carbonaceous) claystones,
(clayey) limestones, chalk, and marls. A few conglomerate beds occur
throughout the section. Some of the conglomerate beds are cross-
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bedded and/or contain clasts that likely eroded from nearby Mesozoic
ophiolites and ophiolitic melanges (Fig. 2b).

The Kumarl section was first sampled for paleomagnetic analyses
(total number of demagnetized cores: 78) in 2011, when 45 levels were
sampled within the first 104 m of the logged stratigraphy. At each level,
two to three paleomagnetic cores (2.54 cm diameter) were sampled
using a gasoline-powered motor drill or a generator-powered electric
drill. The cores within each level were numbered according to their
stratigraphic order, i.e. core 1.1 was taken from a level older than (or
equal to) core 1.2. Paleomagnetic cores were oriented using a magnetic
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Fig. 4. Satellite imagery (DigitalGlobe Inc.; provided through the Polar Geospatial Center, University of Minnesota, C. Lefebvre) of the Kumarl:1 section and its correlation to the
stratigraphic log (Figs. 3 and 9), as well as to the MSC stages. PLG: Primary Lower Gypsum, RLG: Resedimented Lower Gypsum (MSC acme) and UG: Upper Gypsum.

compass. Magnetic declinations were corrected for ~5.2° magnetic
declination. Samples were cut into standard paleomagnetic specimens
(2.2 cm height) in the laboratory.

Samples for stable isotope analyses were collected in 2014, and the
Kumarl section was newly logged. A correlation of the sedimentary log
to a satellite image of the section is provided in Fig. 4. The stratigraphic
log of the previous field season along with the GPS localities of the
paleomagnetic sampling levels enabled us to find the paleomagnetic
coring holes preserved in the more competent levels and correlate the
newly logged section to the section sampled for paleomagnetism.
Overall, 101 levels were sampled for stable isotope analysis throughout
the entire section (i.e. up to 125 m).

Two samples were taken for “°Ar/3>°Ar dating from the basalt that
caps the section; they provide a minimum age for the section. One
sample was taken at the top of the section (M12 KNGO01), and the other
one was taken ~15km south of the section from what is, based on its
position, most likely the same basalt (M12 KNGO04, Fig. 2b).

5.2. *°Ar/*°Ar geochronology

The *°Ar/*°Ar analyses of the two whole-rock basalt samples (M12
KNGO1 (871-02) and M12 KNGO04 (859-02); Fig. 2b) were performed at
the U.S. Geological Survey (USGS) in Denver (USA). The crushed
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whole-rock samples were irradiated with standards in 3 separate irra-
diations for 0.5, 3, and 5 MWh, respectively, in the central thimble
position of the USGS TRIGA reactor (Dalrymple et al., 1981), while
being rotated at 1rpm. Following irradiation, the samples and stan-
dards were loaded to a stainless steel sample holder with tweezers and
then placed into a laser chamber with an externally pumped ZnSe
window. The incremental heating data that are reported represent re-
sults from individual mineral grains and/or rock fragments. The volume
of the mostly stainless steel vacuum extraction line, including a cryo-
genic trap operated at —130 °C and two SAES™ GP50 getters (one op-
erated at room temperature, one at 2.2A), is estimated at ~450 cm®. A
combination of turbo molecular pumps and ion pumps maintains steady
pressures of < 1.33 x 10~ Pa within the extraction line. Samples were
incrementally heated in steps of 90 s, by controlled power output of a
50 W CO,, laser equipped with a beam-homogenizing lens, which results
in a uniform energy distribution over the entire sample surface. Any
sample gas that was released during laser heating was exposed to the
cryogenic trap and was further purified for an additional 120 s by ex-
posure to both the cryogenic trap and the SAES getters. The sample gas
was expanded into a Thermo Scientific ARGUS VI™ mass spectrometer
and argon isotopes were analyzed simultaneously using four faraday
detectors (“°Ar, *°Ar, %8Ar, %7Ar) and one ion counter (3°Ar). Detector
calibration was carried out using a fixed reference voltage on the
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faraday detectors. The ion counter was calibrated relative to the
faraday detectors by regular air pipette measurements, and the detector
discrimination was monitored by the *°Ar/3°Ar ratios of Fish Canyon
sanidine measurements. Following 10 min of data acquisition, time zero
intercepts were fit to the data (using parabolic and/or linear best fits)
and corrected for backgrounds, detector inter-calibrations, and nu-
cleogenic interferences. The Mass Spec computer program (A. Deino,
Berkeley Geochronology Center) was used for data acquisition, age
calculations, and plotting. All *°Ar/*°Ar ages reported in Supplemen-
tary Table S1 and Fig. 5 are referenced to an age of 28.201 * 0.046 Ma
for Fish Canyon sanidine (Kuiper et al., 2008), the decay constants of
Min et al. (2000), and an atmospheric 40Ar/3°Ar  ratio of
298.56 *+ 0.31 (Lee et al., 2006). Laser fusion of more than 10 in-
dividual Fish Canyon Tuff sanidine crystals at each closely monitored
position within the irradiation package resulted in neutron flux ratios
reproducible to =0.25% (20). Isotopic production ratios were de-
termined from irradiated CaF, and KCl salts. For this study the fol-
lowing values were measured: (®°Ar/*Ar)Ca = (2.4 + 0.05) x 10™%
(*°Ar/¥Ar)Ca = (6.59 = 0.10) x 1074

and ((8Ar/3°Ar)K = (1.29 + 0.03) x 10~ 2. Cadmium shielding during
irradiation prevented any measurable (*°Ar/*°Ar)K. For the calculation
of the plateau ages we required three or more consecutive heating steps
that released =50% of the total *°Ar and also had statistically (20)
indistinguishable “°Ar/*°Ar ages.

5.3. Paleomagnetism and rock magnetism

Paleomagnetic specimens were either demagnetized using stepwise
thermal demagnetization or by a combination of stepwise thermal and
alternating field (AF) demagnetization techniques (Fig. 3a—c) at the
paleomagnetic laboratory Fort Hoofddijk, Department of Earth Sci-
ences, Utrecht University (Netherlands). When a combination of
thermal and AF demagnetization was applied, specimens were (step-
wise) demagnetized up to 150 °C prior to AF demagnetization to re-
move possible stress in magnetite grains caused by surface oxidation at
low temperatures (Van Velzen and Zijderveld, 1995). Specimens from a
number of levels were demagnetized using thermal and combined
thermal and AF demagnetization to compare the reproducibility of both
techniques.

The demagnetization of the natural remanent magnetization (NRM)
is displayed in orthogonal vector diagrams (Zijderveld, 1967). Spe-
cimen characteristic remanent magnetization (ChRM) directions were
determined using principal component analysis (Kirschvink, 1980) on
approximately five to eight successive demagnetization steps (Supple-
mentary Table S2).
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Site means, as well as virtual geomagnetic poles (VGPs) and their
means, were calculated from the individual ChRM directions (Fig. 6). A
fixed 45° cutoff was applied to the VGP distribution and site-mean
statistics were calculated using Fisher (1953). The error in declination
(ADy) and inclination (Aly) were determined following Butler (1992).
We perform a reversal test following the coordinate bootstrap test of
Tauxe (2010), wusing the platform-independent web portal
Paleomagnetism.org (Koymans et al., 2016; Fig. 7). The same portal is
used to assess paleosecular variation, following the N-dependent cri-
teria of Deenen et al. (2011, 2014).

Magnetic susceptibility as a function of temperature (K/T curves;
Fig. 8) was measured using an MFK1-FA Susceptibility Bridge with CS4
Furnace (Agico; 200 Am ™! and 976 Hz) at the Institute for Rock Mag-
netism in the N.H. Winchell School of Earth Sciences, University of
Minnesota, Minneapolis (USA). Approximately 0.30-0.45g of pow-
dered rock was heated to successively higher temperatures (max.
700 °C) in air to monitor possible chemical alteration of the magnetic
minerals.

5.4. Stable isotope geochemistry

Stable isotope analysis was carried out at the joint Goethe
University—Senckenberg BiK-F Stable Isotope Facility in Frankfurt
(Germany). Whole-rock sample powders were digested in orthopho-
sphoric acid and analyzed as CO, in continuous flow mode using a
Thermo MAT 253 mass spectrometer interfaced with a Thermo
GasBench II. Analytical procedures are according to Spotl and
Vennemann (2003). Raw isotopic ratios were calibrated against a
Carrara marble in-house standard and against NBS18 and NBS19 car-
bonate reference materials. Final isotopic ratios are reported against
Vienna Standard Mean Ocean Water (V-SMOW) for 8§'80 and Vienna
Pee Dee Belemnite (V-PDB) for 8§'3C (Fig. 9). Analytical uncertainties
are typically better than 0.10%o (8'%0) and 0.07%o (8'3C). The carbo-
nate content of each sample was derived from standard-sample total
peak area ratios. The reported carbonate contents are precise to within
10%. 8'3C and %0 values from a total of 101 samples are provided in
the supporting information. We looked at 8'0-8'3C covariance using a
total least squares (TLS) regression analysis combined with a novel
approach to bootstrapping (Pastor-Galan et al., 2017), a method in
which observational errors or uncertainties in both dependent and in-
dependent variables are taken into account. The method provides
bootstrapped confidence limits and a test of linearity; it has been im-
plemented as an orocline test in Paleomagnetism.org but can be used on
nearly all types of data.

Data at 20, results at 20
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Fig. 5. “°Ar/°Ar CO,-laser incremental-heating data of samples M12 KNGO1 and M12 KNGO04 from the basalt at the top of the Kumarli section. MSWD: mean square of weighted deviates.

K/Ca ratios plotted for reference.
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ChRM directions

N N, Dec, Inc, K A,

Normal 22 18 354.4 422 97 117
Reverse 37 31 1909 -51.0 124 76
N+R 59 48 10.2 483 11.8 6.3

Fig. 6. a-b) Equal area projections of the LT/LC (a) and ChRM (b) directions. Open (closed) symbols denote projection on the upper (lower) hemisphere. The mean ChRM directions
(N + R) were calculated after applying a 45° fixed cutoff to the respective VGP distributions of the normal and reverse polarity data sets; pink symbols indicate directions that were
removed by the cutoff; white diamonds indicate the geocentric axial dipole (GAD) direction at the sampling site. Blue symbols indicate the mean LT/LC and ChRM directions and their
error envelope (red dotted line) and ADx (shaded blue area). N; = number of interpreted directions, N4s = number of directions after the application of the 45° fixed cutoff, Decy,
(Inc,,) = mean declination (inclination) of the LT/LCF or ChRM directions with the dispersion parameter (K) and cone of confidence (Ags) of the corresponding VGP distribution.
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Fig. 7. Cumulative distributions of Cartesian coordinates of means of pseudo-samples drawn from the normal and reverse polarity data (Fig. 6b). The shaded confidence intervals contain
95% of each set of components. The confidence bounds of the normal and reverse polarity data sets overlap in all three components (x, y, z) and therefore pass the bootstrap reversal test

(Tauxe, 2010).

6. Results
6.1. *°Ar/*°Ar geochronology

For both analyzed basalt samples, the plateau age and integrated
age are identical; the requirements for the calculation of a plateau age
apply to all heating steps (Fig. 5). The plateau ages for M12 KNGO1
(871-02) and M12 KNGO04 (859-02) are 4.95 + 0.20Ma and
4.72 + 0.11 Ma, respectively, and are thus indistinguishable within
their uncertainties. The new “°Ar/*°Ar ages are younger than a pre-
viously determined whole-rock K-Ar age determination of
5.88 + 0.77 Ma for this basalt (Platzman et al., 1998), although our
oldest age (4.95 * 0.20Ma) is, within error, statistically indis-
tinguishable from the K-Ar age. Many of the samples on which K-Ar
dating was performed contain a high fraction of non-radiogenic argon
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(Platzman et al., 1998), which may be the cause for the discrepancy
between the K-Ar and *°Ar/3°Ar ages.

The new “CAr/3°Ar ages are also slightly younger than the MN13
mammal age (7.4/6.8-5.3 Ma; Unay et al., 2003; The NOW Community,
2017) that was reported for the sedimentary rocks that underlie the
basalt.

6.2. Paleomagnetic and rock magnetic results

Susceptibility as a function of temperature (K/T) of some samples
gradually increases up to ~300°C (Fig. 8). This maximum can be in-
terpreted as a Hopkinson peak, which marks the transition from
blocking temperatures to Curie temperatures for magnetic minerals
(Hopkinson, 1989) followed by a sharp susceptibility drop associated
with the Curie temperature (T.). The susceptibility reaches a minimum
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Fig. 8. Representative examples of the susceptibility (K) versus temperature measurements (performed in air). Red (blue) curve denotes heating (cooling). The gradual increase in K up to
~300 °C (which can be interpreted as a Hopkinson peak) marks the transition from blocking temperatures to Curie temperatures (Hopkinson, 1989). Minimum K is reached > 580 °C,
indicating that maghemite is the dominant magnetic carrier. The lower K of the cooling curves indicates oxidation of maghemite to hematite.

well above 580 °C (i.e. the T, of magnetite), which seems to indicate
that maghemite (yFe,O3) is the dominant magnetic carrier. The final
cooling step is characterized by lower susceptibilities compared to the
first heating cycles, indicating that the sample underwent further oxi-
dation, e.g. by conversion of maghemite to hematite, which has a lower
spontaneous magnetization.

Upon demagnetization, a low temperature (LT) or low coercive (LC)
component was identified between ~25-100 °C and ~150 °C-10 mT in
33 of 78 specimens (Figs. 3a—c, 6a; Supplementary Table S2). Its mean
direction (D = 10.9° * 22.4° I = 43.4° = 26.0%; Table 1) includes the
geocentric axial dipole direction for the latitude of the section, and is
therefore clearly a present-day field overprint. In 59 of the 78 de-
magnetized specimens, a high temperature (HT) or high coercive force
(HCF) component was identified. We interpret this component as the
ChRM. The interval over which the HT/HCF component was de-
termined is rather variable, and it includes demagnetization steps up to
420 °C or 50 mT (Supplementary Table S2). The ChRM directions yield
both reverse (N = 37) and normal polarities (N = 22). Thermal and AF
demagnetization of the ChRM generally yields similar results (Fig. 3e),
except for three levels at approximately 15, 26 and 31 m (levels K12,
K16 and K18, respectively). The normal and reverse polarity distribu-
tions are identical at the 95% confidence level (Fig. 7) using the co-
ordinate bootstrap test of Tauxe (2010); this signifies a positive reversal
test. Combining the normal and reverse directions and applying a 45°
fixed cutoff on the combined VGP distribution, leads to a mean ChRM
direction of D = 10.3° + 7.2°, I = 48.3° + 7.3° (N = 48; Table 1). If
we compare this direction to the expected direction from the apparent
polar wander path (of Torsvik et al., 2012) calculated for Eurasia, it
appears that the calculated direction falls just within error on the pole
path. The expected declination is (hardly significantly) clockwise with
respect to North but falls within the expected declination for Eurasia
(2.6° £ 2.5°) at this position and age (~6 Ma). Although the inclina-
tion is shallower than expected from the pole path (~57° = 2°), it falls
within the respective error margins. The lower inclination is likely
caused by inclination shallowing, which is a (post-)depositional process
that may lead to an underestimation of paleolatitude in sedimentary
rocks.

6.3. Magnetic polarity pattern

The Kumarl section starts with a first normal polarity interval up to
6.6 m, which is followed by a first reverse polarity interval of 13.1 m
(from 6.6-19.7 m; Fig. 3e,f). This first reverse polarity interval includes
one less reliable transitional specimen at 15.2m. The second normal
polarity interval spans 15.5 m (from 19.7-35.2 m). This normal polarity
interval includes two levels each with a single reverse polarity spe-
cimen, at 26.8m and at 30.5m, but both levels also include normal
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polarity specimens. The second reverse polarity interval is long and
spans 64.2m (between 35.2m and 99.4 m). Above this level, we in-
terpreted one specimen as yielding a normal polarity (104.2 m), which
could possibly represent the start of the next normal polarity chron
(C3n.4n). The demagnetization diagram of the specimen is rather er-
ratic, however. The study by Platzman et al. (1998) reveals that the
basalt that covers the section (125.0 m and up) has a reverse polarity
(D = 151°, I = —55°, N = 5 from a single basalt flow).

6.4. Stable isotope geochemistry

The §'3C and 880 results (n = 101) from the Kumarh section yield
mean values of 8'°C = —7.6 + 0.9%o (10) and §'%0 = 23.0 + 1.1%o
(Fig. 9, Supplementary Table S3). As indicated by the low standard
deviations of the §'3C and 8'®0 values, no large overall trends in §'3C
and 8'®0 can be observed throughout the section: §'°C values range
between —9.5 and —4.8%o, whereas 8'0 values range between 20.4
and 25.1%o. Throughout the section, we observe a positive linear cor-
relation (i.e. covariance) between 8'3C and §'%0, with a Pearson's
coefficient of 0.713 (Supplementary Fig. S1).

Based on variations and variability in §'>C and §'®0, we identify the
following five intervals:

1) 0-42m  (KU1-KU39), with &®C=—-7.4 + 0.8% and
8180 = 23.0 + 1.1%;
2) 42-64m  (KU40-KU54), with 8'®C= —7.5 = 0.5%0 and

8'0 = 22.9 + 0.7%o, which is characterized by mean §'3C and
880 values that are near-identical to those in interval 1, but with
lower standard deviations;

3) 64-83m  (KU55-KU71), with §C= -7.2 + 0.6%0 and
8'80 = 23.2 + 1.0%o, which includes a number of episodes with
higher 8'3C (> —6%0) and 820 (> 24%o) values;

4) 84-106m  (KU72-KU91), with &3C= —8.4 + 0.6% and
8180 = 22.3 + 1.0%o, which is characterized by a drop in §'3C and
880 of ~1%o at 84 m compared to intervals 1-3;

5) 106-121m (KU92-KU101), with &'3C= —7.3 + 0.6%o
8'80 = 24.3 + 1.2%o attaining values similar to intervals 1-3.

and

7. Discussion
7.1. Magnetic carriers, rotations and paleolatitudes

The paleomagnetic and rock magnetic results (K/T measurements)
lead us to conclude that the magnetic carrier of the ChRM in the
Kumarli section is (cation-deficient) magnetite or maghemite
(Figs. 3a-c, 8). We observed a rather large variation in the demagne-
tization steps that were included in the calculation of the ChRM. This
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Fig. 9. Stratigraphy, §'®0 and §'°C values for the Kumarl section. The intervals and stages of the Messinian Salinity Crisis according to the magnetostratigraphy are indicated (in red), as
well as the most likely correlations following the stable isotope results (in black). Additionally, the two rightmost panels indicate the levels of the magnetic polarity reversals and their
corresponding polarity chrons and ages. The boundary between chron C3An.2n and C3An.1r is approximate and represented by a thick, dashed line. Legend for the stratigraphic log as in

Fig. 3. Intervals 1-5 are discussed in the text.

variation may be caused by the large variety of rock types, resulting in a
wide range of magnetic minerals, as well as variable magnetic grain
sizes and degrees of oxidation.

The combined normal and reverse ChRM directions of the sedi-
mentary rocks of the Kangal section are rotated slightly clockwise
(D =10.3°, AD, = 7.2°) with respect to the geographic North, but there
is no significant rotation with respect to the direction expected from the
APWP (of Eurasia) at this age and locality. Published paleomagnetic
results from upper Miocene and younger rocks from the study region
(Sivas and Kangal basins; Giirsoy et al., 1997; Platzman et al., 1998)
were all sampled in basaltic rocks. Given the low number of individual
basalt flows that were sampled at each locality (Ngows = 1 or 2), pa-
leosecular variation cannot sufficiently have been recorded and there-
fore was unlikely averaged out in the studies by Giirsoy et al. (1997)
and Platzman et al. (1998). Collectively, however, they suggest a
counterclockwise rotation, which we do not observe in the upper
Miocene to Pliocene Kangal Basin deposits.

62

7.2. Correlation of the Kumarlt section to the Geomagnetic Polarity Time
Scale (GPTS)

Stratigraphic ages for the Kumarl: section based on small mammal
biochronology are available by direct correlation of lacustrine units
with the nearby Kangal 1 locality (~24 km SSE from the sampled sec-
tion, Fig. 2b; Unay et al., 2003; The NOW Community, 2017), placing
the Kumarli section at MN13, i.e. 7.4/6.8-5.3 Ma (Hilgen et al., 2012).
Kangal 1 is located in a quarry that was mined for lignite deposits that
occur at the base of the quarry. We did not encounter lignite deposits in
our sampled section indicating that these lignites are either absent at
the Kumarl: site or that the Kumarl section does not reach sufficiently
deep into the local stratigraphy. Kangal 1, however, was located closer
to the southern paleo-lakeshore (Fig. 2b), which is presently defined by
a topographic ridge of deformed pre-Neogene deposits, and therefore
likely exhibits differing facies and stratigraphy. In concordance with the
new *°Ar/3°Ar ages, the mammal stratigraphic age places the Kumarli
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Table 1
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Summary of the paleomagnetic results. Of the 45 sampled levels, 78 samples (specimens) were demagnetized. N; = number of interpreted directions, N4s = number of directions passing
the 45° fixed cutoff; D = declination, I = inclination and their associated uncertainties determined from the A95 (AD, and Aly, respectively), with the corresponding dispersion parameter
(k) and cone of confidence (aos) of the directional distribution. A95, K = cone of confidence and dispersion parameter of the virtual geomagnetic pole distribution. To represent
paleosecular variation, A95 should be between a minimum (A95,,;,) and maximum (A95,,,,,) value (Deenen et al., 2011). The A95 of the LT/LCF component clearly has a too high value

that suggests an additional source of scatter.

KUMARLI N; Nas D ADy I Al k ags K A95nin < A95 < AO95..«
Low T/CF 33 -= 10.9 22.4 43.4 26.0 2.5 20.6 2.5 3.0 <202 <091

High T/CF - normal 22 18 354.4 12.9 42.2 15.5 9.5 11.8 9.7 3.8 < 11.7 < 133

High T/CF - reverse 37 31 190.9 9.0 —51.0 8.4 14.5 7.0 12.4 3.0 <76 <094

High T/CF - all normal 59 48 10.2 7.2 48.3 7.3 13.0 5.9 11.8 26 <63 <73

Section Base (K1): 39.20495° N, 37.19937° E.

section in the latest Miocene( — earliest Pliocene).

Based on our magnetic polarity pattern and the *°Ar/*°Ar ages, we
correlate the first normal polarity interval at the base of the section to
chron C3An.2n of the GPTS (Hilgen et al., 2012), and the second normal
polarity interval of the section to chron C3An.1ln, resulting in sedi-
mentation rates of 7.1 cm/kyr for C3An.2n and C3An.1r (Fig. 3f,g). The
long reverse polarity interval that starts at 35.2m can be correlated to
chron C3r. One of the single reliable reverse polarity specimens at
26.8 m and at 30.5 m may correspond to the cryptochron that has been
reported in a Moroccan and a Spanish section (Sierro et al., 2001;
Krijgsman et al., 2004), although we must note that reliable normal
polarities were recorded at the same levels within our section (Fig. 3e).
Following the correlation of the second normal polarity interval to
C3An.1n, we propose two options (A and B, Supplementary Fig. S2) for
correlating the magnetostratigraphy to the GPTS (Hilgen et al., 2012):

Option A: Continuous sedimentation at 7.1 cm/kyr for the entire section
(Fig. 3f, g)

A constant sedimentation rate would lead to an age of 4.77 Ma for
the top of the section just below the capping basalt. This agrees well
with our “°Ar/*°Ar ages of 4.95 + 0.20Ma (MN12KNGO1) and
4.72 * 0.11 Ma (MN12KNGO4; Figs. 2,5). Option A would place the
reverse polarity basalt (Platzman et al., 1998) at the top of the section
within reverse chron C3n.2r (4.799-4.631 Ma). Option A comes with
the inconsistency that normal chron C3n.4n (Thvera) should start at
91.9 m. Three reverse polarity samples, however, occur above 91.9m
(K41.1 and K41.2 at 97.52m and K42.1 at 99.40 m; Fig. 3e, f).

Option B: The uppermost normal specimen of the section reflects normal
polarity chron C3n.4n

Placing the uppermost normal sample at the base of C3n.4n would
result in a sedimentation rate of 8.4 cm/kyr for chron C3r. In order to
correlate the basalt at the top of the section to chron C3n.2r (according
to the newly obtained “°Ar/3°Ar ages), the sedimentation rate in the
unsampled part of the magnetostratigraphic section (104.2 to 125 m)
must then be lower (between 3.8 and 5.3 cm/kyr).

For both options A and B we have indicated the interval that cor-
relates to the MSC (Supplementary Fig. S2), as well as its three dis-
tinctive stages (PLG, RLG and UG). The onset of the MSC for both op-
tions occurs at nearly the same stratigraphic level. Both options imply
that continental sedimentation in Lake Kangal spanned the entire
Messinian Salinity Crisis, as well as the Miocene-Pliocene boundary.
Option B is based on the identification of only one, low-quality single
normal polarity specimen. Additionally, the continuous average sedi-
mentation rate of 7.1 cm/kyr of Option A results in an age for the
section-covering basalt that perfectly agrees with its reverse polarity
and the two newly obtained *°Ar/3°Ar ages. We therefore prefer option
A (Fig. 3f,g).

7.3. Kangal Basin mammal stratigraphy

At Kangal 1 (i.e. in laterally equivalent deposits of the sampled
Kumarli section), fossil insectivores, rodents, lagomorpha, carnivores,
perissodactyla and proboscidea allow correlation to unit MN13 (Unay
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et al,, 2003; The NOW Community, 2017). The European Mammal
Neogene (MN) Units for the late Miocene are, however, entirely based
on Iberian small mammal assemblages (e.g., Hilgen et al., 2012) and
may therefore not be readily correlated to Anatolia. Firstly, correlation
of the Anatolian small mammal faunas is hindered by the low faunal
similarities with well-dated reference localities in Spain. Secondly, the
spatio-temporal variation of mammals over larger distances must be
taken into account. Additionally, most dispersal events ended in the
Iberian Peninsula, as a result of the limited connectivity of the Iberian
Peninsula to Africa and Europe (Agusti et al., 2001). According to
several authors, an increased connectivity between Africa and Eurasia
during the Messinian stage may have led to an exceptional land con-
figuration, resulting in the exchange of African and Iberian fauna (e.g.
Benammi et al., 1996; Gibert et al., 2013; Garcia-Alix et al., 2016).

Between the Iberian Peninsula and southeast France, the temporal
distribution of rodents has been shown to vary by more than one Myr
for the MN zones of the late Tortonian and Messinian (Cano et al.,
2011). In contrast to observations on mammal dispersal (Agusti et al.,
2001), rodents dispersed earlier in Iberia than in southeast France. Our
proposed chronology for the Kangal Basin allows us to correlate the
continental sediments to chrons C3An.2n to C3n.2r, which implies that
sedimentation occurred during MN13 and well into MN14 and maybe
even MN15. Depending on the exact stratigraphic position of the
mammal finds at Kangal 1 with respect to the Kumarli magnetostrati-
graphic section, this may imply that i) the mammal chronology as de-
fined in Spain can in fact be applied to Turkey, or that, ii) if the
mammal finds correlate to the part of the time scale that represents
MN14-15 in Spain, the mammal assemblages that represent MN14-15
arrived later in Turkey than in Spain. Our results therefore have direct
implications for spatio-temporal variations in the distribution of
mammals across Europe and the near East.

7.4. Records and models of MSC paleoenvironmental change

Generally, MSC proxy records of paleoenvironmental change fall
into three groups:

1) Records that track changes in Mediterranean and Paratethys basin hy-
drology.

Evidence for overspilling of Paratethys into the Mediterranean Basin
during the MSC comes from molluscs, dinoflagellates and ostracods
with Paratethys affinity that are found within the Mediterranean Basin
(e.g. Stoica et al., 2016), whereas hydrogen isotopic (8D) compositions
from long-chain alkenones are indicative of periods with a negative
water budget in the Mediterranean and Paratethys (Vasiliev et al.,
2013, 2015, 2017).

2) Continental proxy records from brackish-marine Mediterranean and
Paratethys basin deposits.

These proxy data provide information on paleoenvironmental
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change that occurred directly adjacent to the basins. An example is
long-chain n-alkanes, which form part of terrestrial plant waxes that
were transported into the Mediterranean and Paratethys basins through
rivers. Changes in 8D values of these long-chain n-alkanes document
hydrological change at the site of plant growth, and are thus a proxy for
changes in continental rainfall. For Eraclea Minoa (Sicily, Italy) 8D,
alkane values indicate a shift to more arid and/or warm conditions
during MSC stage 3 (Vasiliev et al., 2017). The shift to lower 8D,_aane
values observed in the Paratethys Basin during MSC stage 1 (Vasiliev
et al.,, 2013, 2015) may indicate a diminishing local source of n-alkanes,
therefore increasing the relative contribution of a northern, riverine
source of n-alkanes (e.g. from the Volga, Dniepr and Don rivers).
Overall, positive and negative shifts in 8D, ajkane Of up to 20-40%o can
be observed in the 8Dy, jkane records of the Mediterranean and Para-
tethys basins during the MSC.

3) Studies identifying paleoenvironmental changes in the Mediterranean
and Paratethys during the MSC that directly target the continental
Messinian rock record.

A review of pollen data covering the circum-Mediterranean region
reveals that the climatic effects of the MSC were limited, if not absent
(Fauquette et al., 2006). Closer to Anatolia, regional vegetation and
mammal studies show either virtually no climate change (Gregor and
Velitzelos, 1987; Velitzelos and Gregor, 1990; Velitzelos, 1995;
Pavlakis, 1999), or drier conditions and increasingly open habitats
during the approximate time interval of the MSC, followed by wetter
conditions and more forested habitats during the Pliocene (Koufos and
Vasileiadou, 2015). None of the studies, however, provide a continuous
record through the MSC.

Numerical modeling efforts of the effects of the MSC on circum-
Mediterranean climate tested three extreme scenarios with respect to a
Tortonian reference simulation (Schneck et al., 2010). These model
runs include a sea-level drop of 1500 m with (LOWGRASS) and without
(LOWSEA) a replacement of the sea surface by grassland and a complete
replacement of the Mediterranean Sea surface by grassland (GRASS).
Within the Mediterranean Basin, the effects on temperature are largest
(up to +6 °C) in the LOWGRASS model (LOWSEA: up to +2 °C, GRASS:
up to +4°C) as well as on the sum of precipitation minus evaporation
(LOWGRASS: up to +700mm/yr, LOWSEA: up to —200mm/yr,
GRASS: up to +700 mm/yr). The simulated effects of the MSC over
Anatolia are, however, limited. Temperature changes in all three
models are smaller than + 2°C and no changes in precipitation are
observed in the LOWSEA and GRASS model runs. The LOWGRASS si-
mulation predicts a 100-200 mm/yr decrease in precipitation. The
maximum annual average anomalies of precipitation minus evapora-
tion are —100 mm/yr for all three scenarios, which would suggest a
shift to a slightly more negative water balance over Anatolia during the
MSC.

To our knowledge, the isotopic data set presented in this study is the
only continuous continental record of paleoenvironment in the
Mediterranean realm that spans the entire MSC.

7.5. Stable isotope geochemistry of lacustrine carbonates as a proxy for
continental paleoenvironmental change

The stable isotopic record of ancient lake systems contains valuable
information regarding the paleoenvironmental conditions under which
lacustrine carbonates precipitated. The carbon isotopic composition of
lake waters (8'3Cy,) is mainly controlled by 1) the exchange of CO5
between the atmosphere and total dissolved inorganic carbon, 2) pho-
tosynthesis and respiration of aquatic plants, and 3) the isotopic com-
position and physicochemical properties of inflowing waters, which in
turn are influenced by terrestrial plant respiration and metabolism (e.g.
McKenzie, 1985; Kelts and Talbot, 1990; Talbot and Kelts, 1990;
Romanek et al., 1992; Leng and Marshall, 2004; Gierlowski-Kordesch,
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2010). Differences in fractionation between C4 and C3 plants during
carbon fixation lead to 8'3C values approximately 14%o more positive
in C4 than in C3 plants. Conversely, the effect of temperature on carbon
fractionation during carbonate precipitation is by comparison relatively
small.

The 8'80 values of lake water are largely influenced by the §'%0
values of inflowing water, temperature and lake evaporation.
Evaporation and condensation are the principal oxygen isotope frac-
tionation mechanisms for water at the hydrosphere-atmosphere inter-
face (Horita and Wesolowski, 1994). §'80 values derived from authi-
genic and biogenic carbonates that formed from lake water are
surmised to reflect changes in inflowing water composition and tem-
perature/evaporation (e.g. Leng and Marshall, 2004). The positive
covariance between §'3C and §'%0 values (i.e. maxima in 8'3C occur
with maxima in 8'®0) in lacustrine carbonates is generally due to
productivity changes in closed lakes (e.g. Li and Ku, 1997); higher 8'3C
values generally translate to an increase in biogenic productivity, unless
there is a shift from C3 to C4 carbon fixation.

7.6. Paleoenvironmental conditions

The Kumarh section displays a clear positive covariance of 8'°C and
8'80 throughout the sampled section (Supplementary Fig. S1). Higher
8'3C carbonate values likely result from an increase in uptake of 2C by
aquatic plants during photosynthesis, and thus reflect an increase in
biologic productivity. Higher §'%0 values are best explained by an in-
crease in evaporation, i.e. a more negative lake water balance. We
therefore interpret the covariance between §'°C and §'®0 mainly as an
expression of the coupling between lake water balance and biologic
productivity, in which periods with a more negative (positive) water
balance are characterized by higher (lower) biologic productivity. §'0
values attaining up to 25%o in the Kumarl section are, however, not
indicative of strongly evaporative conditions: highly evaporative lake
conditions in the Oligocene and late Pleistocene to Holocene CAP in-
terior are typically represented by 8§80 values of up to 36%o (e.g. Leng
et al.,, 1999; Roberts et al., 2001; Jones et al., 2006, 2007; Liidecke
et al., 2013; Dean et al., 2015).

The basalt that covers the Kumarli section can be traced over a
distance of ~20 km (towards “°Ar/*°Ar sampling location M12KNGO04;
Fig. 2b). The absence of deposits on top of the basalt suggests that se-
dimentation ceased in the Zanclean. The sedimentary rocks and the
8'3C and 8'®0 values of the interval directly underlying the basalt
provide some information to what may have caused the cessation of
lake deposition. The sedimentary logs of the Kumarli section indicate
less detrital input toward the top of the section (> 103 m) which is
dominated by white, carbonate-rich units. The §'%0 values in the top
interval (Interval 5, 106-121 m in Fig. 9) are overall higher than for the
lower part of the section, yet not indicative of extreme lake evapora-
tion. We therefore argue that evaporation caused by an increasingly
negative water budget did not cause the demise of Lake Kangal. It is
therefore more likely that Lake Kangal was drained by river incision.

7.7. The impact of the MSC on §"°C and §'%0

Limited connectivity of the Mediterranean Sea to the Atlantic
caused episodes of a highly negative water balance in the
Mediterranean Sea during MSC stages 2 (RLG) and 3 (UG); Vasiliev
et al., 2017). During the peak of the MSC (stage 2, RLG), the Paratethys
water budget was strongly negative (Vasiliev et al., 2013). The Medi-
terranean and Paratethys negative water budgets may have conversely
led to an increase in Mediterranean and Paratethys water §'%0 values,
as well as an increase in values of §'%0 in atmospheric moisture that
eventually reached Anatolia. At first inspection, §'>C and 880 values of
the sampled Kumarli section show relatively low variability and no
significant overall shift toward higher or lower values through time,
especially at the inferred onset of the MSC (Fig. 9). Consequently, we



M.J.M. Meijers et al.

conclude that the effect of the MSC on the §'®0 values of lacustrine
carbonate in Lake Kangal was limited. Following the obtained precise
chronology for the Kangal section, we can, however, conclude that the
Kumarl section potentially captures some paleoenvironmental effects
of MSC basin dynamics on the Anatolian continental interior. Three
observations in the Kumarli 8'3C record characterize the MSC period
(intervals 2 and 3 in Fig. 9): 1) a period of rather stable 8'3C values that
average 7.5 * 0.5%o (42.6-63.4 m, Interval 2); 2) three positive spikes
in lake carbonate §'3C, of which one is coeval with a single-sample
spike in 8'®0 values (at 80.6m) and one is coeval with a multiple-
sample spike in 8'%0 values (64.1-82.3 m, Interval 3). The three epi-
sodes of higher lake carbonate §'3C (at approximately 65m, 70 m and
80 m; interval 3), all occur in layers with light red clayey limestones
(Fig. 9); and 3) a drop in 813C to values below —8%o at the transition to
Interval 4.

The positive covariance in 8'C and §'%0 values of the Kangal
section likely reflects a coupling between biologic productivity and the
amount of precipitation that reaches central Anatolia, rather than
changes in the 8'%0 of incoming precipitation (§7.6). The changes in
the amount of incoming precipitation that are most strongly displayed
in the three peaks in Interval 3 may therefore be linked to specific
stages of the MSC. Following the magnetostratigraphic correlation
(Fig. 3), we observe that the only peak in 8'°C that is coupled to a multi-
sample peak in §'®0 in Interval 3 is closely spaced in time with the
acme of the MSC (stage 2, RLG, 50 kyr), and has a similar duration. We
therefore surmise that the coupled 8'°C-8'%0 peak is in fact an ex-
pression of the MSC acme (RLG), which suggests that during extreme
lowstand of Mediterranean water levels the amount of incoming pre-
cipitation was lower, leading to slightly drier conditions over Anatolia.

The correlation of the magnetostratigraphy to the GPTS places the
drop in mean 8'0 values at the start of Interval 4 at the Miocene-
Pliocene boundary. Kayseri—@zer (2017) reviewed a large number of
climate studies that provide estimates of paleo-MAP, and observed an
increase in MAP from the late Miocene into the Pliocene. The lower
mean 880 values that we observe in Interval 4 (Fig. 9) with respect to
the previous intervals (1-3) may therefore reflect the overall increase of
MAP into the Pliocene.

To our knowledge, this isotopic data set is the only continuous re-
cord of paleoenvironment that spans the entire MSC in the
Mediterranean realm. The only correlation of our §'3C-8'80 record with
the MSC can be seen during the RLG. The drop of §'%0 values that
follows the Miocene is likely related to an increase in Pliocene rainfall
amounts. Overall, we find subtle effects of the MSC on the hydrology
and biogenic productivity of Lake Kangal, as expressed in §'%0 and
8'3C. By extension, we argue that there was only a limited effect of the
MSC on central Anatolian paleoclimate, which is in concordance with
other proxy studies (Gregor and Velitzelos, 1987; Velitzelos and Gregor,
1990; Velitzelos, 1995; Pavlakis, 1999) and modeling results (Schneck
et al., 2010).

8. Conclusions

The paleomagnetic, magnetostratigraphic, “°Ar/*°Ar, 8§'%0 and §'°C
results from the sampled Kumarli section within the Kangal Basin
(central Anatolia) reveal that:

O The 125m long, fluvio-lacustrine Kumarli section covers ca. 1.8
Myrs, from ca. 6.6 Ma to ca. 4.8 Ma, at an average sedimentation
rate of 7.1cm/kyr, and is covered by a basalt dated at
4.95 * 0.20Ma and 4.72 * 0.11 Ma. The section therefore covers
the entire period of the Messinian Salinity Crisis (MSC) and the
Miocene-Pliocene boundary. It is, to our knowledge, the only con-
tinuous continental MSC section within the Mediterranean realm.

O The §'3C and 880 results (n = 101) of the sampled fluvio-lacustrine
carbonates yield mean values of —7.6 + 0.9%o and 23.0 = 1.1%o,
respectively. The low lo standard deviations indicate no large
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changes in §'3C and §'%0 throughout the section. We observe a
covariance between §'3C and 8'®0. We therefore interpret changes
in 8'3C and 80 to reflect changes in the amount of precipitation
that reached central Anatolia, rather than changes in the §'®0 of
incoming precipitation.

O The period of the MSC had a profound impact on the climatic con-
ditions (precipitation, temperature) within the Mediterranean and
Paratethys basins. In contrast, the Kumarli §'C and §'®0 values
show overall subtle changes and variability during the MSC, and the
MSC therefore had limited impact on the paleoclimatic and pa-
leoenvironmental conditions of central Anatolia. The largest, cou-
pled peak in §'%0 and §'3C, however, occurred during the acme of
the MSC (Stage 2, Resedimented Lower Gypsum). We therefore
suggest that during extreme lowstand of the Mediterranean the
amount of incoming precipitation was lower, leading to slightly
drier conditions over Anatolia. The 1%o drop in 8'80 values at the
end of the MSC most likely reflects a distinct increase in MAP, which
is also observed in proxy studies across the Miocene-Pliocene
boundary.

O The basalt that caps the section is stratigraphically at the highest
position within the late Miocene to Pliocene fluvio-lacustrine Kangal
Basin. 8'80 values up to ~25%o are not indicative of evaporative
conditions, and we therefore suggest that the demise of Lake Kangal
(~150km x 30km) was caused by river incision.

O The late Miocene mammal chronology is entirely based on Iberian
mammal assemblages. Nevertheless, the proposed age of the sedi-
mentary rocks of the sampled interval based on mammal strati-
graphy (MN13, i.e. 7.4/6.8-5.3 Ma; Hilgen et al., 2012) accords well
with the newly established magnetostratigraphy.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2018.03.001.
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