GEOLOGICA CARPATHICA, FEBRUARY 2023, 74, 1, 83-105

https://doi.org/10.31577/GeolCarp.2023.03

Detrital zircon geochronology of Pliocene deltaic sediments
in the Marmara region (Turkey): Implication for
sedimentary provenance and morphotectonic evolution

HUSEYIN OZTURK"*, ISAK YILMAZ', NAMIK AYSAL', DAVUT LACIN' and ZEYNEP CANSU!

'Department of Geological Engineering, Faculty of Engineering, Istanbul University-Cerrahpasa, Istanbul, Turkey; ™ ozturkh@jiuc.edu.tr

(Manuscript received March 30, 2022; accepted in revised form December 12, 2022, Associate Editor: Igor Broska)

Abstract: The Istanbul Pliocene deposits consist of an alternation of sand, clay, and coal in the northern part of Istanbul
that characterizes a delta plain deposit on the southern coastal line of the Black Sea. The Pliocene sediments, which are
located conformably on the fluvial sediments consisting of coarse clastics, are about 80 meters thick and outcrop as
isolated patches in Sile in the east of the Istanbul Strait (Bosphorus) and Kisirkaya in the west. The U/Pb detrital zircon
ages obtained from the sands of Kisirkaya and Sile region showed that the Pliocene deposits contain Proterozoic
(2396+72-542.4+7.9 Ma), Paleozoic (540+12-258.9+5.2 Ma), Mesozoic (248.8+4.4—71.8+£1.2 Ma), and Cenozoic
(63+£1.8-22.184+0.95 Ma) zircons derived from a piedmont plateau. Presence of the youngest Oligocene—early Miocene
zircons (22.18+0.95-31.1+1.2 Ma) reveals that the source of this succession may be the Northwest Anatolia and/or
northern Aegean region where magmatic rocks of the same age crop out. In addition to the zircon data in the sandy
deposits, trace element geochemistry also shows that the drainage basin of the Pliocene rivers transporting clastics to
the basin is located in the southwestern region of Istanbul and flowed into the Black Sea before the formation of
the Marmara Sea. These rivers would have been blocked in the early Quaternary by the Marmara Sea depression, which
was formed by extensional faults, the product of an approximately N—S extensional tectonic regime in the region.
This tectonic regime caused the rapid uplifting of the Istanbul region and the Istranca Mountains in the north of
the Marmara, and the eroded flattened areas called the Bursa—Balikesir plateau in the south, in the form of horsts.
Subsequently, before the North Anatolian fault reached the region, it formed deformation structures under the effect of
dextral shear in a wide zone in the Marmara region. This tectonic regime was ended when the North Anatolian fault

reached and cut the Marmara Sea region in the Latest Quaternary.
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Introduction

Pliocene deltaic deposits occur in the northern part of
Istanbul and consist of alternating beds of clay, sand and coal
(Yeniyol 1984) located on both sides of the Bosphorus
(Fig. 1). The presence of these young river sediments between
the Black Sea and the Sea of Marmara is interesting because
there is no palaeo-river morphology and/or drainage basin for
sediment transportation into the region. According to the
regional geology, the most likely provenance for sand and
kaolinitic clay is the northwestern Anatolian magmatic pro-
vince located south of the Sea of Marmara. If Pliocene clastics
originating from this region were transported by a river system
flowing into the Black Sea, the present-day Istanbul Strait
should have been used and there was no Sea of Marmara
during that time. Therefore, the provenance of these river sedi-
ments is important to understand an overlooked river system
in a tectonically active region. These palacogeographic fin-
dings associated with the deposition of Pliocene clastics will
also contribute to the understanding of the young morphotec-
tonic evolution of the region and the formation history of
the Sea of Marmara, the Bosphorus (Istanbul Strait), the active
North Anatolian Fault, and also the recent uplift history of
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the Uludag—Kazdag Mountains in the south, and the Istanbul
Zone—Thrace Basin and Istranca Massif in the north.

Geology
Regional geology

The NW of Turkey consists of crustal blocks that came
together during the collision of the Istanbul Zone and Istranca
Massif with the Sakarya Zone, by the closure of the Intra-
Pontide Ocean in the late Cretaceous, and uplifted to an ero-
sional area in Cenozoic. The Istanbul Zone, adjacent to the
Moesia platform, where the study area is located, is separated
from the present-day Odesa shelf. During its southward mig-
ration along two transform faults in the late Cretaceous—
Paleocene, the western Black Sea Basin was formed and then
collided with the Sakarya Zone in the early Eocene (Okay
1989).

There are a number of studies on the Neogene deposition
of the region and the geodynamic settings of the areas that
sourced this deposition (Baykal 1942; Sengér & Yilmaz 1981;
Onalan 1981a,b; Crampin & Evans 1986; Barka & Kadinsky-
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Fig. 1. Simplified geological map adopted from Sengér (2011) showing locations of the Istanbul Pliocene formations and the sampling sites.

Cade 1988; Okay 1989; Goriir et al. 1997; Gedik et al. 2005;
Yalcin & Yilmaz 2010; Sengor 2011; Yilmaz Sahin et al. 2014;
Ulgen et al. 2018; Okay et al. 2019). The Istanbul Zone is
bounded by the Black Sea in the north and the “Western Black
Sea Fault” in the west by the Istranca Massif, which is repre-
sented by Paleozoic and Mesozoic magmatic and metamor-
phic rocks on a Precambrian basement. To the south, there are
the ophiolites of the suture zone, which is thought to have
passed through the Marmara Sea before the Neogene period,
while the Southern Marmara region, called the Sakarya Zone
is a complex region with metamorphic, magmatic, sedimen-
tary rocks formed in the Paleozoic to Paleogene.

The Sakarya zone is separated from the Anatolide—Tauride
block by the Izmir—Ankara Suture belt, a product of Neotethys
closure in its south (Sengor & Yilmaz 1981; Okay et al. 1996).
Anatolide—Tauride block consists of clastic and carbonate
succession on a Neoproterozoic basement and lithologies
which in turn were overlain by ophiolitic thrust sheets in the
late Cretaceous in the north and were subjected to metamor-
phism and deformation during the Alpine orogeny (Sengér &
Yilmaz 1981; Yilmaz et al. 2021).

The Istanbul Pliocene deposits cover the Upper Cretaceous
volcano-sedimentary series (Keskin et al. 2003; Ozgiil et al.
2011) north of the Istanbul Paleozoic Unit (Baykal & Kaya
1963; Sayar 1964; Onalan 1981b; Yalgin & Yilmaz 2010),
which consists of a passive continental margin succession
extending from the Ordovician to Carboniferous. As seen
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from the simplified geological map (Fig. 1), there are geologi-
cal formations of different ages and types around the Pliocene
clastics. These include the Istranca Massif in the northwest
which consists of gneiss, schist, granite, limestone, and quar-
tzite sandstones from the Precambrian to Cretaceous age
(Yilmaz Sahin et al. 2014; Natalin et al. 2016; Yilmaz et al.
2021 and references therein). The Thrace Basin sediments that
reach up to nine thousand metres in thickness (Turgut &
Eseller 2000; Siyako 2006; Elmas 2012) extend from the
Eocene to Quaternary. Permo—Triassic basal conglomerates
containing basaltic and rhyolitic intercalations unconformabe
overlie the Paleozoic series, located east of Istanbul (Lom et
al. 2016). Upper Permian (Sancaktepe) and Upper Cretaceous
(Cavusgbasi) granitoids were intruded into the passive margin
sediments associated with northward subduction of Palaeo-
tethys and Intra-Pontide oceanic crusts, respectively (Yilmaz
Sahin et al. 2012; Aysal et al. 2018a,b). The Eocene forma-
tions unconformabe overlie the passive margin sediments of
the Istanbul Paleozoic unit in the western part of Istanbul.
The Miocene is represented by brackish water clays and car-
bonates (Sengor 2011).

Istanbul Pliocene
In general, the continent-continent collision between Africa

and Eurasia caused the Tethys Ocean to be divided into
two different marine areas at the end of the Eocene and
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the beginning of the Oligocene. The Mediterranean was formed
in the south and the Paratethys which was an Epicontinental
sea that stretched from the west of China to Western Europe
formed in the north. Continuous tectonic compression and
uplift in the region caused the region to be divided into sub-
basins (Rogl 1998; Popov et al. 2006) and geographical diffe-
rentiation of these basins (Biiylikmerig 2015). The entire Aegean
Region, including Western Anatolia, the Aegean Sea and
the Balkan Region, became a high land during the Oligocene
period (Goriir et al. 1997) and began to erode effectively.

The mostly fine clastic Neogene sediments, which are the
subject of the study, crop out on both sides of Istanbul in E-W
trending narrow zone line in areas close to the Black Sea coast.
This period presents grain size distribution and sedimentary
features reflecting a deposition of energy decreasing from
south to north and depending on time. It is represented by
high-energy terrestrial coarse clastics (~100 m) deposited on
the basement rocks in an angular unconformity, and fine
clastic depositions (~80 m) that reflect the transitional envi-
ronment and come on laterally and vertically.

The bottom levels of the deposition (Kayalitepe formation),
which is likely to have started in the latest Miocene, are evi-
dent with cross-bedded layers towards the north. These levels,
reflecting the very high-energetic fluvial accumulation mostly
cropping out in the southern parts of the region, consisting of
poorly cemented, white, yellowish-brown, pink coloured sands,
gravels, and conglomerates. Altered levels are yellowish red-
brown and contain clay lenses and interlayers in places. It is of
highly variable thickness and can reach 100 meters thick. It is
lateral and vertical transitional with upper fine clastics
(Mesetepe formation) cropping out in the areas close to the
Black Sea coasts in the north.

These fine clastic levels, which are the subject of the study,
are characterized by lenticular, silty, clayey, shale (usually
bituminous), and marl layers at the base. At the top, it passes
into cross-laminated quartz sands and fine pebbles with muddy
dykes. It is distinctive with its grey, beige, pink, and greenish-
grey colours. The lithological character and sedimentary
structures of the formation reveal that the sedimentation took
place in deltaic conditions, fluvial, including flood plain and
isolated lake and swamp areas.

Neogene deposition seen on both sides of the Bosphorus
shows differences in terms of lithological character and depo-
sitional conditions. Although radiolarite, gabbro, and serpenti-
nitic pebbles originating from the ophiolite series are abundant
in the clastics of Kisirkaya and its south, it is observed that
the Istanbul Paleozoic sequence carbonates and deep marine
lydite deposition fragments are dense in Sile Pliocene sands to
the east.

The fact that the gravels found in coarse clastics in the west
are larger and angular; the presence of scraping-impact marks
in the gravels, and the presence of sole marks (burrows and
fillings) reveal that they were fed by high-energetic seasonal
floods and braided streams.

In addition, the orientation of the pebble long axes, imbri-
cated pebbles, cross laminations, and asymmetric sole marks

at the high-energy base levels of the deposition on both sides
of the strait indicate that the transport took place from south
to north. Palacocurrent data at sandy levels reflecting the low-
energetic deltaic conditions above show an irregularly orien-
ted distribution (Ozgiil et al. 2011). Although there are
occasional vertebrate fragments, silicified stems and leaves
belonging to plants, in the sedimentation, there is no age data
based on fossil coverage.

The Istanbul Pliocene consists of deltaic sediments of about
80 meters in thickness and well-bedded, close to horizontal
and dipping slightly to the north in the Sile region. Clay and
sand were produced from the clastic series that unconformably
overlies the Cretaceous volcaniclastics. A lot of open-pit
mines operate at present and open-pit sections provide excel-
lent opportunities for geological observations, especially con-
sidering the flat topography of the region.

The Sile Pliocene sequence begins with sandy-pebbly
clastics at the bottom, gradually passes into clayey-coal series
in the middle, and has silty, sandy, and pebbly sediments at
the top (Fig. 2). The clays are always located under layers of
lignite or organic matter-rich dark greyish silty clay. Greyish
kaolinitic clay layers locally include small black wood
branches that indicate transportation of both clay and wood
material by rivers. The clay beds consist of four economic
layers and the total thickness is about 10 meters. Cross-
bedding and pebble imbrication is visible in brownish sandy
gravel beds with a few tens of cm thickness that are located
just on top of the coal-bearing clayey zone. The Pliocene
clastics are weakly cemented and include E-W striking and
north-dipping syn-sedimentary normal faults (Fig. 3a,b).
The uppermost light brown coloured silty sands are more
than 20 meters thick and include very dense mud dykes up to
0.5 m in thickness as vertical to sub-vertical bodies (Fig. 3c).
The mineralogical composition of the clay consists mainly of
kaolinite, with minor illite and montmorillonite. The minera-
logy of the sandy layers is composed of quartz, feldspar and
minor mica. The coal beds are thin (0.2—0.7 m in thick) and
have a low calorific value (<2000 Kcal) therefore a small
amount of coal production occurs in the Sile region.

The Kisirkaya Pliocene series occurs in the west of the
Istanbul Strait and is also located on Cretaceous volcani-
clastics, similar to the Sile region. In this area, mining has
been operating especially for coal and sand production since
the 1900s. Hard and high calorific coal (>2500 kCal) seam-
bearing Oligocene formations also occur in the eastern part of
the Pliocene deposits (Celik et al. 2017).

The Kisirkaya Pliocene sequence begins with coarse-
grained clastics at the bottom and gradually passes into
clay-lignite dominated fine-grained sediments, like the Sile
section. Low-calorific lignite levels are located on the light
grey clays, which have close to horizontal bedding. The total
clay thickness at Kisirkaya is about 6 meters and the quality
is lower than in the Sile region. The lignite and clay interca-
lated deposits are overlain by sandy sediments at the top.
Contrary to the brownish Sile section, sands at Kisirkaya are
greyish-light coloured (Fig. 3d). Compared to the Sile section,
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Fig. 2. Stratigraphic column section for Pliocene clay—sand—coal deposits in the Sile region (a) and the Kisirkaya region (b). The sections
show the sampling horizons for geochemical and mineralogical analyses. Abbreviations: kln=kaolinite, ilt=illite, mnt=montmorillonite,

qtz=quartz, sd=siderite, ab=albite, or=orthoclase, sa=sanidine.

the Kisirkaya sand is also relatively coarse-grained and inclu-
des abundant muscovite flakes and siderite concretions.
Diagenetically formed elliptical and spherical siderite concre-
tions with light brown colour occur at dimensions of a few
centimetres to several metres in the sand (Fig. 3d). The upper-
most fine-grained sand and silt levels of the Pliocene in the
Kisirkaya region are eroded; for this reason, mud dykes are
similar to the Sile region (Fig. 3¢) cannot be seen here.

Although there are many studies about the geology of
Istanbul, the age of these sand—clay—coal alternating deltaic
sediments could not be determined clearly. Like most resear-
chers (Yilmaz et al. 2000; Siyako 2006; Ozgiil et al. 2011;
Sengor 2011), we accept its age as Pliocene. However, we
have not observed contact relationships with Miocene forma-
tions, generally known as the Cekmece formation (Ozgiil et al.
2011).

Analytical methods and sample descriptions
Analytical methods

Samples were analysed for their mineralogical composi-
tions by XRD. These analyses were carried out on powdered
samples using a GNR APD-2000 Pro diffractometer in the
X-ray diffraction laboratory of Istanbul University — Cerrah-
pasa, Department of Geological Engineering. Diffraction data
were acquired by exposing the powdered samples to Cu-K,
X-ray radiation, which has a characteristic wavelength (L) of
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1.5418 A. X-rays were generated from a copper (Cu) anode
supplied with a voltage of 40 kV and a current of 30 mA.
A goniometer speed of 20=1°/min was set during the analyses.
The data were collected over a range of 5° to 55° for 260 values,
step size of 0.02°, divergence slit=0.5 mm and receiving
slit=0.3 mm. Analysis of the X-ray patterns (phase identifi-
cation) was carried out by using Philips High Score Plus soft-
ware in conjunction with the JCPDS (Joint Committee on
Powder Diffraction Standards) database.

Whole-rock chemical compositions of the studied samples
were conducted at the Geochronology and Geochemistry
laboratory of Istanbul University — Cerrahpasa (IUC-GGL),
Department of Geological Engineering using a Perkin Elmer
Avio 200 ICP-OES system. This package includes all major
oxide (SiO,, TiO,, Al,0,, Fe,0,, MnO, MgO, CaO, K,O,
Na,0, and P,0O;) analyses after LiBO, fusion. The loss on igni-
tion is given as the weight difference after ignition at 1050 °C.
Trace and rare-earth element concentrations were examined
using a Perkin Elmer NexION 2000 mass spectrometer and
ESI NWR-213 solid-state laser ablation system established
at the IUC-GGL, Turkey. The crater size was chosen as 110
microns for the analyses, the energy level was 7 joules, the
repetition rate was 10 Hz, and NIST SRM610, SRM612,
BCR2G, and AGV2G were the primary reference materials.
During the measurements, 30 seconds gas blank, 30 seconds
ablation time, and 50 seconds washout were selected.
He (0.7 1/sec) was used as the carrier gas. Data reduction was
performed using the SILLS software package (Guillong et al.
2008).
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Fig. 3. Field photographs of Pliocene deposits in Sile (a—c) and Kisirkaya (d) regions. a, b — Syn-sedimentary normal faults with E-W strike
and north dip in the Pliocene, showing metre-scale displacements related to subsidence of the sedimentary basin matter; ¢ — Mud dykes with
vertical and 45-degree angles common in silty sands located at the top of the Pliocene sequence; d — Coal, clay, sand levels at Kisirkaya quarry
where clay and coal alternate levels are located under the upper sands. Lenticular, light brown coloured siderite concretions are a few cm to
a few meters in size in sands. Abbreviations: md=mud dyke, sc=siderite concretion.

The zircon grains from the sand samples were separated by
using traditional magnetic separation heavy liquid techniques
after crushing, grinding, sieving and cleaning processes.
Hand-picked zircon grains were mounted in an epoxy resin
under a binocular microscope, and polished. U-Pb isotope
analyses were carried out using a New Wave Research Exci-
mer 193 nm laser-ablation system (NWR UP-193FX) attached
to a Perkin-Elmer ELAN DRC-e inductively coupled plasma
mass spectrometer (LA-ICP-MS) at the Geological Institute,
Bulgarian Academy of Science in Sofia, Bulgaria. Laser crater
size of 30 microns was selected in the analysis, and 0.5 /s
Helium was used as carrier gas. GEMOC GJ-1 (~608 Ma) was
used as the primary standard reference material, and Plesovice
(~337 Ma) was used as the secondary standard reference mate-
rial. Raw data were processed using GLITTER, a data reduc-
tion program of the GEMOC, Macquarie University, Australia
(http://www.gemoc.mq.edu.au/). Different types of zircon
grains and their zones (cores and rims) were identified on CL
images before analysis. Zircons are generally transparent,
colourless, brownish, yellow, and rarely purple in colour. Most
of the zircon grains are sub-idiomorphic, and idiomorphic,

and some of them have well-rounded shapes. The internal
structures of zircons are variable, and most of them consist of
typical magmatic oscillatory zoning. Considering zircon mor-
phology, some zircon grains are affected by long-term wea-
thering and/or transport processes. For the classification of
zircon populations, **Pb/?*U ages were used for zircons
younger than 1 Ga, and *Pb/?”Pb ages were used for ones
older than 1 Ga. Concordia diagrams and probability density
plots were prepared using the Isoplotr (Vermesch 2018).
Analytical error ranges in diagrams are generally given at the
1-sigma level. The geological time scale (Walker et al. 2018)
was used as a stratigraphic reference for data interpretation.

Sampling and sample description

The samples used for geochemical and mineralogical ana-
lyses were obtained from the open-pit mine of G6zde Eren
mining company in the Sile region and an abandoned open
pit quarry in the Kisirkaya region. The sandy sediments are
weakly cemented in both locations. Sand sampling to obtain
zircon was performed from the uppermost clastics, whereas
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clay sampling was made at the bottom part of the clastics.
Light brown concretions were collected from a sandy level of
the sedimentary succession in Kisirkaya. The sampling loca-
tions, coordinates, lithology, and other sedimentary features
are summarized in Table 1.

Whole-rock geochemistry
Major oxides

The geochemical analysis results for samples obtained from
the Sile and Kisirkaya sections are given in Table 2. According
to the results obtained from XRD analyses, the mineral com-
positions of sands from the Sile and Kisirkaya regions are
dominated by quartz and clays, which is consistent with che-
mical composition.

The SiO, contents of sand and clay samples vary in a wide
range (31.78-95.79 wt.%) depending on the clay content.
Al O, contents are between 1.97 and 28.56 wt. %, TiO, con-
tents 0.05-2.72 wt. %, and Fe,O, contents 0.27 to 47.40 wt. %
reflect this change. The contents of MgO (0.03-1.16 wt. %),
CaO (0.01-2.41 wt.%), Na,0 (0.03-2.23 wt.%), and K,O
(0.12-3.69 wt.%) are generally lower than the other oxides.
Low amounts of alkali and alkali earth elements indicate

Table 1: Sample descriptions.

strong leaching and removal of these elements during diage-
nesis in acidic conditions.

Trace elements

Trace elements reveal preferential enrichment in the clay
layers relative to sands. Sc, V, Co, Ni, Cu, Zn, Pb, Ga, Se, Y,
Sn, Sb, Cs, REEs, Bi, Nb, Zr, Th, Ta, and U have higher values
in clays compared to sands (Table 3). Therefore, the Pliocene
sediments in the Sile region contain a higher amount of trace
elements, since they consist of finer-grained sediments com-
pared to the Kisirkaya region (Fig. 4).

High field strength elements (HFSE), Zr, Ti, Nb, Hf, and Y
prefer Si-rich felsic rocks during crystal fractionation and/or
anatexis processes (Feng & Kerrich 1990), and values were
higher than the upper continental crust (UCC) (Fig. 4a,b).
Similarly, the average Zr/Hf ratios in these samples vary
between 28.72 and 45.87 (average 38.34), which are relatively
higher than the upper continental crust (UCC) values (32.76,
McLennan 2001), and this is likely to indicate a felsic source.
Th/U contents of the Sile and Kisirkaya samples are between
1.59 and 5.48 (mean 2.86), and these values are generally
lower than the average upper crust value (UCC mean 3.82).
A very distinctive Sr depletion in sand and clay relative to
the continental crust is quite striking on the spider diagram

Location Geographic Coordinates Lithology

Sampling Method

Sile, Istanbul

Kisirkaya, istanbul

41°8°44.09”N, 29°27°38.77’E ~ Weakly cemented fine-grained sand, clay

41°14°58.94”N, 28°58°20.34”E = Weakly cemented sand, clay

Outcrop samples from open pit quarry, fine-grained sand
(50 kilos) for zircon separation

Outcrop samples from open pit quarry, fine-grained sand
(50 kilos) for zircon separation

Table 2: Major oxide compositions of the sands and clays from Sile and Kisirkaya Pliocene sequences (SS=Sile sand, SC=Sile clay;
KS=Kisirkaya sand, KC=Kisirkaya clay, KN=Kisirkaya concretion, b.d.l.=below dedection limit).

Sample  SiO, TiO, ALO, Fe,0, MnO MgO Ca0 Na,O K,0 P, LOI SUM
SS'5 82.38 0.05 430 0.26 0.00 0.03 b.dl 0.04 0.12 0.03 13.26 100.48
SS 4 73.12 272 11.80 4.08 0.07 0.20 0.01 0.03 0.46 0.09 738 99.96
SS 3 84.83 036 6.11 027 0.00 0.07 b.dl 0.03 031 0.04 8.21 100.23
SS2 92.53 1.19 3.94 033 0.01 0.05 0.01 0.03 036 0.07 1.97 100.50
SS1 92.53 027 443 0.63 0.00 0.17 b.dl 0.06 1.16 0.04 1.40 100.70
SC5 50.15 0.96 25.65 9.99 0.01 0.88 0.03 0.09 1.21 0.02 10.87 99.86
SC 4 59.05 1.52 2491 2.16 0.01 1.16 0.10 0.12 3.69 0.06 7.19 99.96
SC3 54.53 1.46 19.64 10.60 0.12 0.99 0.14 0.09 3.12 0.05 9.24 99.99
SC2 43.94 0.85 28.56 3.16 0.00 1.00 0.03 0.13 241 0.06 20.66 100.80
SC 1 65.62 0.87 20.42 2.06 0.04 0.90 0.09 0.07 234 0.10 731 99.83
KN 2 31.78 0.66 551 3923 0.22 024 0.04 0.14 0.85 0.09 2256 10131
KN 1 32.65 0.95 9.50 33.44 0.17 0.58 241 0.16 122 127 16.89 99.22
KC 4 31.79 0.57 471 47.40 0.44 0.41 0.04 0.10 0.72 0.03 14.65 100.86
KC3 66.94 031 9.99 1.52 0.02 0.64 1.58 223 2.05 0.09 15.30 100.68
KC2 59.04 2.58 2134 1.87 0.01 0.65 0.12 0.26 138 0.07 12.46 99.77
KC 1 69.50 1.39 17.05 1.77 0.00 0.64 0.38 035 1.73 0.06 7.41 100.27
KS 3 73.63 0.48 747 2.90 0.03 0.69 0.75 1.61 1.75 0.10 10.48 99.88
KS2 95.79 033 1.97 0.40 0.01 0.09 0.09 0.48 0.84 0.05 045 100.50
KS 1 90.42 043 491 0.98 0.02 025 043 0.81 111 0.05 1.52 100.92
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Table 3: Trace element compositions (ppm) of the clays, sands and concretions from Sile and Kisirkaya Pliocene sequences.

Sample Sc \Y% Cr Co Ni Ga Ge Rb Sr Y Zr
SS5 3.68 30.03 16.75 0.65 5.52 3.02 0 5.65 8.89 5.11 43.55
SS 4 11.38 126.4 3649.43 9.01 32.61 7.84 2.73 8.28 15.56 33.25 4583.83
SS3 4.73 48.73 110.64 1.33 15.2 5.86 2.08 6.35 11.77 4.47 166.39
SS2 7.27 62.47 593.25 1.64 14.59 5.84 1.2 3.7 23.16 18.92 816.66
SS'1 5.68 61.63 21.95 2.5 15.97 6.47 0.64 35.44 13.88 11.89 100.83
SC5 19.38 217.21 207.98 8.33 69.18 26.34 2.29 78.78 35.65 15.57 178.91
SC 4 16.24 156.86 57.59 5.44 33.07 24 1.3 173.04 35.82 24.36 211.89
SC 3 12.7 149.14 66.84 15.69 44.86 21.36 2.04 156.79 25.62 36.08 195.69
SC2 21.69 156.81 95.27 11.29 49.17 27.18 223 114.01 54.49 16.6 157.74
SC1 17.36 124.55 39.55 9.62 9.18 23.77 3.45 97.43 22.85 61.34 194.03
KN 2 12.46 125.77 51.34 15.58 16.18 7.48 0.85 33.88 25.58 17.48 135.58
KN 1 15.15 154.57 77.4 11.77 25.92 11.22 1.14 51.05 89.44 19.94 150.68
KC 4 11.8 102.5 56.18 2591 40.96 8.83 0.98 32.03 33.47 33.43 133.52
KC3 7.03 57.51 164.53 6.79 53.16 7.84 1.15 54.23 285.95 10.09 85.98
KC2 16.83 140.84 81.13 18.82 49.28 21.53 0 62.48 68.7 23.48 256.91
KC 1 14.59 142.51 107 6.32 59.05 16.66 2.26 82.99 37.25 14.04 233.68
KS3 6.98 66.86 459.82 7.2 57.6 7.11 1.52 41.37 129.94 13.69 222.29
KS2 3.77 46.02 534.73 1.3 13.1 2.79 0.3 17.97 33.03 5.94 164.39
KS1 6.66 63.3 342.04 4.43 29.19 5.95 0 30.78 62.81 6.23 72.98

Sample Nb Cs Ba Hf Ta w Tl Pb Th U
SS5 1.29 0.35 27.48 1.06 0.11 0.14 0.07 5.08 1.43 0.349
SS 4 25.82 0.55 54.52 112.05 2.52 2.14 0.08 14.44 37.45 10.648
SS3 4.79 0.56 23.74 4.18 0.41 0.79 0.2 15.3 4.49 0.82
SS2 20.3 0.24 31.79 18.58 1.61 2.51 0.07 13.74 8.81 3.608
SS1 5.96 1.46 120.81 2.25 0.57 0.74 0.18 26.41 4.46 2.263
SCs 15.49 7.31 151.26 4.58 1.33 2 0.27 23.22 17.02 3.418
SC 4 19.62 8.21 552.26 5.49 1.76 3.12 0.84 28.38 9.58 3.897
SC3 20.44 8.16 431.88 5.37 1.77 4.18 0.73 52 14.14 7.648
SC2 11.43 9.3 405.64 4.5 1.18 1.56 0.5 15.59 11.66 3.408
SC1 11.33 7.54 114.84 4.92 0.72 1.85 0.75 57.99 9.49 4.015
KN2 7.69 2.09 190.01 3.65 0.65 0.64 0.18 4.57 3.85 1.647
KN 1 10.08 3.13 310.29 4.36 0.72 1.09 0.26 10.47 597 3.018
KC4 7.19 1.6 173.52 3.81 0.63 0.92 0.31 5.77 2.89 1.088
KC3 3.44 1.21 552.62 2.5 0.4 0.33 0.43 10.3 4.39 0.984
KC2 26.64 8.44 261.98 7.65 2.42 3.52 0.31 14.82 9.54 4.742
KC1 16.61 4.61 246.43 5.75 0.97 1.88 0.4 7.18 4 2.515
KS3 5.54 1.82 259.21 4.85 0.26 0.6 0.13 7.38 4.64 1.792
KS2 4.85 0.51 96.75 4.16 0.42 0.91 0.37 5.42 2.03 0.89
KS'1 7.21 1.09 164.37 2.54 0.33 0.97 0.34 7.81 3.06 1.643

(Fig. 4a,b). In the chondrite-normalized REE diagrams (Sun
& McDonough 1989), a distinct negative Eu anomaly is also
typical and indicates Sr** and Eu*?, which have similar ionic
radii, were completely dissolved from feldspars in the wea-
thering environment and transported from the drainage basin
into the sea.

Rare earth elements

REE concentrations of the Sile and Kisirkaya samples are
given in Table 4, and chondrite-normalized spider diagrams
are given in Figure 4. The total REE (ZREE) contents of
the Sile and Kisirkaya samples are between 20.81 and 892.32,
with an average of 148.26 ppm. The lowest XREE value
(20.81) was obtained from a sand sample with a SiO, content
of 82.38 wt.% and the highest ZREE value (892.32 ppm)
was found in a clay sample with a SiO, content of 65.62 wt. %.

The average value is close to the average upper crust value
(146.37 ppm). The Eu/Eu* (=(Eu/Eugy)/[V(Sm/Smey)x
(Gd/Gdy)]) values are between 0.39-1.12 (avg. 0.80) for
the Sile and Kisirkaya samples. The Eu/Eu* value varies
significantly between mafic and felsic source rocks and is,
therefore, an important argument for distinguishing mafic and
felsic source contributions in sedimentary rocks. All Eu/Eu*
values are below 1, except for two samples, and exhibit nega-
tive Eu anomaly (Fig. 4c,d). Chondrite-normalized negative
Eu anomaly indicates a provenance containing acidic mag-
matic or aluminosilicate rocks of metamorphic massifs.

Detrital zircon U-Pb ages
Many detrital-geochronology techniques (e.g., zircon, rutile,

and garnet U-Pb dating) are common methods used to iden-
tify the origin of clastic sediments and to reconstruct

GEOLOGICA CARPATHICA, 2023, 74, 1, 83-105
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Fig. 4. a, b — Upper continental crust (Taylor & McLennan 1989) — normalized trace elements, and ¢, d — Chondrite-normalized REE dia-
grams (Sun & MacDonough 1998) for the Sile and Kisirkaya sands and clays.

palacogeography. For the source region analyses of the
Istanbul Pliocene sequence, detrital zircon U-Pb ages were
obtained from sand samples taken from Sile in the east and
Kisirkaya in the west of the Bosphorus. A total of one hundred
and five points were dated on one hundred selected zircon
grains (Fig. 5) from the Sile sands, and 90-110 % concordant
ages were obtained for eighty-four points (Supplementary
Table S1, Fig. 6). The youngest 22.98+0.95 Ma and the oldest
2292+38 Ma 2%Pb/>¥U were obtained from the Sile sands.
The youngest 53+2 Ma (*Pb/**U, 93 % concordant,
Th/U=0.35) and the oldest 2396.9+£72 (**Pb/*"Pb, 97.1 %
concordant, Th/U=0.48) were obtained from eighty-seven
points concordant between 90-110 %. Nine points in the
22.18+0.95-63+1.8 Ma age interval (8.57 % Tertiary), ten
points in the 71.8+1.2-248.8+4.4 Ma age interval (9.52 %
Mesozoic), seventy-five points in the 259.3+£4—-540+12 Ma
Ma age interval (71.43 % Paleozoic), seven points in the
550.6+£8.2—793+21 Ma age interval (6.67 % Neoproterozoic),
and four points in 1580+130-2396+72 Ma age interval
(3.81 % Mesoproterozoic—Paleoproterozoic) were measured
on one hundred zircon grains (Fig. 6). Therefore, it can be
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concluded that 71.43 % of zircon populations are concentrated
in the Paleozoic period. Five of the seven ages belonging to
the Neoproterozoic period are in the age range of 550.6+8.2
—632+20 Ma (Ediacaran). The distribution of seventy-five
Paleozoic ages is as follows: six in the 504+13-540+12 Ma
age interval (8 % Cambrian), ten points in the 447+11—
479+16 Ma age interval (13 % Ordovician), seven points in
the 422.5+£9.8—441+11 Ma age interval (9 % Silurian), fifteen
points in the 366+11-417+10 Ma age interval (20 % Devo-
nian), twenty-seven points in the 299.7+5.2—-357.4+9.3 Ma
age interval (36 % Carboniferous), and ten points in the
259.3+4-298+5.2 Ma age interval (13 % Permian). The dis-
tribution of nineteen measured points that give Mesozoic—Ter-
tiary ages are as follows: three in the 220+11-248.8+4.4 Ma
age interval (Triassic), seven points in the 71.8+1.2—132.7
+4.8 Ma age interval (Cretaceous), seven points in the 50+2.3
—63+1.9 Ma age interval (Paleocene—Eocene), and seven
points in the 22.18+£0.95-23.23+0.97 Ma age interval (late
Oligocene—early Miocene). The Th/U ratios of zircon grains
are between 0.01 and 1.41 (Supplementary Table S1). Th/U
ratios of metamorphic zircons are generally less than 0.1 in


http://geologicacarpathica.com/data/files/supplements/GC-74-1-Ozturk_Suppl_Table_S1.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-74-1-Ozturk_Suppl_Table_S1.xlsx
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Table 4: Rare earth element compositions (ppm) of the Sile and Kisirkaya Pliocene sediments.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
SSS 4.25 10.03 0.86 2.86 0.41 0.12 0.26 0.09 0.55 0.22 0.60 0.07 0.42 0.08
SS 4 96.54 190.68 17.07 64.27 10.10 1.10 7.33 1.03 5.59 1.18 4.04 0.64 6.09 0.91
SS3 16.37 27.45 2.80 9.50 1.64 0.22 1.02 0.12 0.85 0.21 0.63 0.09 0.66 0.10
SS2 32.06 59.25 7.55 26.72 491 0.95 3.24 0.52 3.75 0.76 1.83 0.32 1.96 0.32
SS1 16.13 37.71 3.61 14.34 2.68 0.72 2.14 0.33 1.77 0.29 1.06 0.24 1.44 0.26
SC5 26.75 54.00 5.10 18.13 2.96 0.66 2.05 0.40 3.02 0.47 1.70 0.30 1.72 0.27
SC4 30.00 55.33 6.70 25.32 4.79 0.99 3.95 0.73 3.29 0.94 2.90 0.38 2.75 0.69
SC3 45.64 115.82 9.93 39.04 7.65 1.76 6.99 1.19 6.68 1.31 3.26 0.50 3.20 0.40
SC2 22.44 40.54 4.75 18.58 2.96 0.67 2.34 0.37 2.16 0.57 1.93 0.32 2.21 0.32
SC1 12541  514.19 33.33 135.37 25.85 5.31 20.41 245 14.06 2.67 6.66 0.86 5.05 0.69
KN 2 8.44 17.61 1.81 8.05 2.01 0.46 1.84 0.28 2.14 0.47 1.61 0.24 1.65 0.31
KN 1 19.31 38.18 3.98 15.85 333 1.00 3.13 0.51 3.18 0.76 2.13 0.34 2.26 0.32
KC 4 11.26 18.12 2.42 11.78 2.58 0.83 2.89 0.68 4.40 0.96 2.37 0.37 2.83 0.40
KC3 11.38 20.29 243 9.81 1.62 0.63 2.37 0.33 1.54 0.31 1.07 0.18 1.21 0.19
KC2 33.84 60.93 7.03 28.11 5.09 1.30 3.49 0.62 3.71 0.72 2.36 0.36 2.32 0.41
KC1 13.85 27.22 2.93 11.73 2.11 0.65 2.44 0.34 2.38 0.58 1.38 0.22 1.42 0.30
KS3 11.66 21.30 2.54 10.64 1.29 0.55 1.72 0.31 1.90 0.43 1.29 0.18 1.46 0.23
KS2 5.45 12.33 1.22 4.34 0.81 0.13 0.61 0.14 0.75 0.18 0.63 0.10 0.73 0.10
KS 1 10.68 23.91 2.28 8.58 1.52 0.35 1.21 0.22 1.09 0.25 0.64 0.10 0.70 0.08

twenty-six grains. Th/U ratios of 0.1-1.41 in seventy-nine grains
indicate that zircons have felsic magmatic and mafic-felsic
transition origin (Teipel et al. 2004; Linnemann et al. 2011).

A total of one hundred measurements were done on ninety-
six zircon grains (Fig. 5) separated from the Kisirkaya sands,
and seventy-three of them had 90-110 % concordant ages
(Supplementary Table S2; Fig. 7). The youngest 23.93+0.77 Ma
and the oldest 2020+12Ma 2%Pb/>*U were taken from one
hundred data points from the Kisirkaya sands. The youngest
24.5+1 Ma (**Pb/>**U, 103.4 % concordant, Th/U=0.23) and
the oldest 2057+22 Ma (**Pb/*’Pb, 99.61 % concordant,
Th/U=0.58) were taken from seventy-seven points concordant
between 90-110 %.

Zircon grains had twenty-seven points measured in the
23.93+£0.77-59.1£1.7 Ma age interval (27 % Tertiary), fifteen
points in the 72.9+1.3-215.3+4.5 Ma age interval (15 %
Mesozoic), thirty-eight points in the 258.94+5.2—-494.8+5.1 Ma
Lineman age interval (38 % Paleozoic), sixteen points in the
542.447.9-999+11 Ma age interval (16 % Neoproterozoic),
and four points in 1834+61-2057+22 Ma age interval (4 %
Mesoproterozoic—Paleoproterozoic). While 38 % of the zircon
populations were concentrated in the Paleozoic period, 27 %
of the zircons were concentrated in the Tertiary period. Seven
of the Neoproterozoic zircons were concentrated in the Edia-
caran period with an age range of 542.4+7.9-620+11 Ma,
while one point represents Cryogenian and two points repre-
sent the Tonian period. The distribution of thirty-eight points
that give Paleozoic age is as follows: two in the 504+13—
540+12 Ma age intervals (3 % Cambrian), thirteen points in
the 443.8+4.9-484+12 Ma age interval (13 % Ordovician),
four points in the 427+13-442.5+6.2 Ma age interval (4 %
Silurian), one point at 365.9+7.2 Ma age (1 % Devonian),
nine points in the 305.14+8.7-348.7+5.6 Ma age interval (9 %
Carboniferous), and nine points in the 258.9+5.2-297.9+3.9 Ma
age interval (9 % Permian).

The distribution of forty-four points that give Mesozoic—
Tertiary ages are as follows: one at 215.3+4.5 Ma age
(Triassic), four points in the 155.7+4—-161.6+2 Ma age inter-
val (Jurassic), twelve points in the 72.9£1.3-98.2+4.4 Ma age
interval (Cretaceous), nineteen points in the 34.39+£0.8—59.1
+1.7 Ma age interval (Paleocene—Eocene), and eight points
in the 23.93+0.77-31.1+1.2 Ma age interval (Oligocene—
Miocene). The Th/U ratios of zircon grains are between
0.01 and 1.85 (Supplementary Table S2). Th/U rates of meta-
morphic zircons are generally less than 0.1 in three grains.
Th/U ratios of 0.1-1.85 in ninety-seven grains indicate that
zircon grains have a felsic magmatic, mafic-felsic transition,
and mafic magmatic origin.

Discussion
The depositional environment of the Istanbul Pliocene

fstanbul Pliocene deposits unconformably overlies Upper
Cretaceous volcaniclastics. This contact is observed at an alti-
tude of about 80 meters in the Sile region and 15 meters in
the Kisirkaya region, and this can be explained as due to the
Kisirkaya Pliocene sequence being downthrown by normal
faults. In the Sile and Kisirkaya regions, the sedimentary
series of clay—sand—coal alternation characterizes a delta envi-
ronment and presents features similar to the Georgian kaolin
deposits that occurred in the late Cretaceous in the USA
(Walter et al. 1965; Pruett 2016). The Pliocene deposits were
deposited at the mouth of a large river discharging into the
Black Sea before the Sea of Marmara developed. The coal
seam-bearing sedimentary sequence may have formed in the
marshy area of a delta environment.

The fact that coal-lignite in the Pliocene sequence contains
leaves, branches and tree roots indicates that fragments of
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Fig. 5. Zircon cathodoluminescent images for the Kisirkaya (a), and Sile (b) sands. Red circles represent the dating points.

terrestrial plants were transported with suspended clays and
accumulated in the delta plain. Kaolinitic clays are located just
below the dark grey organic matter-rich sediments and repre-
sent a low energy environment. Thick kaolinite deposition
with km-scale lateral extension indicates very good sediment
sorting in the delta environment. E-W tending and north dip-
ping syn-sedimentary normal faults can be considered as due
to sediment loading and subsidence via normal faults in the
depositional environment. Very well-rounded gravel layers in
the uppermost levels indicate some short-term flooding and
sediment fluxes into the deltaic ponds. The absence of frag-
ments of Istanbul Paleozoic rocks such as limestone and
quartzite among the coarse pebbles indicates that the frag-
ments are also exogenic and come from distant areas.
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There is no clear evidence about the age of this non-marine
sedimentary sequence, which we call the Istanbul Pliocene.
However, previous researchers mostly placed it above the
upper Miocene sediments (Bakirkdy Formation) represented
by lagoon-brackish water deposits and assigned it a Pliocene
age (Yilmaz et al. 2010; Sengdr 2011). The Pliocene sedi-
ments must belong to the sedimentation period following
Miocene lagoon filling, which entered the Marmara from
the Black Sea in the west of Istanbul. Indeed, unconsolidated
and undeformed deltaic sediments should be younger than
those of the Cukurgesme, Giingdren and Bakirkdy Formations
belonging to the late Miocene. The Istanbul Pliocene can be
correlated with the Ergene Formation which reaches a thick-
ness of a few km in the Thrace Basin. However, the Istanbul
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Fig. 6. Concordia diagram (upper) and probability density distributions (middle 0-2500 Ma and lower 0—700 Ma) for zircon ages obtained
during this study from the Sile sands. **Pb/*?*U was selected for ages <1000 Ma and **"Pb/?*Pb for ages >1000 Ma in the diagram.

Pliocene sediments do not have contact with the Ergene
Formation; thus, their stratigraphic relationship and relative
age identifications cannot be clearly stated. The Pliocene for-
mations are almost horizontally bedded on both sides of
Istanbul, which indicates the presence of a peneplain and also
a low topographic area at the Black Sea coast. The Pliocene
river must have drained into the Black Sea, and the main axis
of this river was probably the Bosphorus. Although there is
post-Pliocene erosion, the presence of large Pliocene outcrops
on both sides of Istanbul indicates that the Istanbul region was
entirely covered by these deltaic sediments during that time.
Therefore, the source of Istanbul’s clay deposits cannot be
Upper Cretaceous volcanites as stated by previous researchers
(Ece et al. 2003) since the Upper Cretaceous volcanites under-
lie the Pliocene clastics on the coastal plain of the Black Sea
(Fig. 1). Tt can be concluded that the stanbul Pliocene depo-
sits, which spread over much larger areas including today’s

Sea of Marmara depression, had higher sediment thickness
than the Istanbul outcrops because sedimentation by Pliocene
rivers continued in the Marmara depression after blockage by
the Istanbul-Trakya horst.

Provenance and tectonic setting analysis with trace element
geochemistry

The mineralogical composition and geochemical nature of
siliciclastic sediments are used effectively to determine the
source area for the basin where the sediments form and to pre-
dict palaeoclimatic conditions (Fedo et al. 1996; Gonzélez-
Alvarez & Kerrich 2012). There are many indices in the
literature to evaluate the chemical change and climatic condi-
tions depending on the chemical composition of the rock
(Price & Velbel 2003; Depetris et al. 2014). The most widely
used of these indexes is the chemical alteration index (CIA)
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proposed by Nesbitt & Young (1984). The chemical alteration
index (CIA=AL0,/(AL,0,+Ca0*+Na,0+K,0) x 100; Nesbitt
& Young 1984; the CaO* value represents the CaO content of
the silicates) values for sedimentary rock samples taken from
Sile and Kisirkaya vary between 53.14 and 96.94 (Table 2).
Using the CIA values together with the A-CN-K (ALO,—
CaO*+Na,0-K,0) triangular diagram of Nesbitt & Young
(1984), observation of the weathering degree and mineralogi-
cal changes is possible. The samples taken from the Sile region
show a weathering trend close to the kaolinite—gibbsite—
chlorite—illite composition along the AK line on the A-CN-K
triangular diagram (Fig. 8). This source indicates intense
chemical weathering of rocks during supergene alteration and
diagenesis. High CIA values indicate that samples from the
Sile region contain higher clay minerals than feldspars,
together with the fact that samples are far from the K-feldspar—
plagioclase line and close to the kaolinite—gibbsite line.
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Samples from the Kisirkaya region are different from the Sile
region. Some of the samples show moderate weathering and
are located close to the K-feldspar—plagioclase line. Similarly,
all samples are arranged almost perpendicular to the A—K line
and exhibit good coherence with the alteration tendencies of
granitic, granodioritic, basaltic, and andesitic sources. Some
of the samples are moderate to highly weathered and fall into
the kaolinite, illite, smectite, chlorite, and muscovite fields.
The K,0/Na,O ratio for the Sile and Kisirkaya samples was
determined to be between 0.92-33.43 (mean 11.79), indica-
ting that K-feldspar is more dominant than plagioclase in this
source. On the other hand, high K,O contents (up to 3.69 wt. %)
indicate the presence of minerals rich in K such as mica.
Plagioclase alteration index (PIA=[(Al,0,—K,0)/(ALO,+CaO*
+Na,0—K,0)] x 100; Fedo et al. 1995) values range from
55.11 to 100. The depletion of CaO, NaO and Sr elements
together with high PIA values indicates that the source rocks
underwent moderate-severe chemical weathering, and plagio-
clase was weathered at the source.

Similarly, the still high Na,O contents in the sand samples
show that albite is partially preserved. The relatively high LOI
values (15.30, 16.89) of two samples (1.58, 2.41) with high
CaO content from the Kisirkaya sequence indicate probable
carbonate contribution (calcite, dolomite and/or siderite).
All these trends are also compatible with the mineralogical
composition obtained from XRD analysis.

The Th/U ratios provide essential clues to determining the
source characteristics of clastic sedimentary rocks (Roddaz et
al. 2006). The average Th/U values for the Sile and Kisirkaya
samples are 2.86, and except for a few samples, they are
generally below the UCC (UCC: 3.82) values. However, Th/U
ratios for the upper and lower mantle are 2.6 and 3.8 (Paul et
al. 2003). Th scarcity relative to uranium in the sediments can
be explained by the presence of ultrabasic rocks in the source
area, or the precipitation of uranium during sedimentation or
diagenesis. Rb, Sr, and Ba contents of the sediments have
generally lower concentrations compared to UCC values, con-
trary to U (Fig. 4a,b), that correspond to intense removal of
these elements owing to alteration at the source or in the depo-
sitional site. In some samples rich in K-feldspar and mica
minerals, it is observed that Cs, Rb, Ba and K clements are
increased compared to the upper crust values.

On the chondrite-normalized spider diagrams (Fig. 4c,d),
clay and sand samples from both the Sile and Kisirkaya
regions are enriched in light REE and heavy REEs. The high
REE contents in the Sile and Kisirkaya samples are largely
due to the presence of mica (mostly biotite and, to a lesser
extent, muscovite) and feldspar minerals. Chondrite norma-
lized REE patterns are similar to a felsic source.

Based on the whole-rock major oxide compositions,
the samples from the Sile and Kisirkaya regions fall into
the “quartz sedimentary source” field except for one “mafic
igneous provenance” on the DF1 vs. DF2 source region
diagram (Roser & Korsch 1988) (Fig. 9a). Although Cr is
rich in the mantle and participates in the basic and ultrabasic
rock formation, Th is a lithophile element and enriches

the continental crust. Both elements are almost immobile
under the surficial conditions and therefore, the Cr/Th value of
the sediments gives valuable information about their source
rocks and is widely used (McLennan et al. 1993; Cullers 1994,
2000). Similarly, Th/Sc and Th/Co values are similarly used
in provenance analyses since Co and Sc are also specific to
mantle rocks and are immobile under surface conditions.

The Th/Sc ratios are below the upper crust value, and they
may have been derived from a source with andesitic compo-
sition. However, some of the Sile samples have Th/Sc ratios
above the upper crust value, and Zr/Sc values are also high
(Fig. 9b). This situation shows that some of the Sile samples
matured by sediment reprocessing bringing zircon to the basin.
The samples from Sile and Kisirkaya fall into the “mixed
mafic—felsic source” field on the La/Th versus Hf diagram
(Fig. 9¢). The Cr/V versus Y/Ni diagram (Fig. 9d) also shows
that the Kisirkaya samples were fed from both ultramafic
source and felsic source, and the other samples mainly came
from granitic source regions. Th and Cr are widely used as end
elements in defining the source regions of rocks (Cullers 1994,
2000). Although Th is enriched in the continental crust, it is
found with a very low concentration in the mantle.

Cr is enriched in ultramafic—mafic rocks and is extremely
low in the continental crust. Therefore, the common feature of
these two elements is that both are very difficult to dissolve
and, therefore, immobile elements. The Th/Sc, Th/Cr, and
Th/Co ratios given in Table 5 indicate that a significant num-
ber of clasts from an ultramafic—mafic source area was added
to the Pliocene clay and sand deposits. Since there are no units
that could be ultramafic sources in the east and west of
Istanbul, it is thought that the mafic—ultramafic fragments in
the Neogene sediments may have originated from ophiolitic
rocks south of Istanbul. It is known that mafic—ultramafic
rocks are common in the Intra Pontide zone south of the study
area and further along the {zmir—Ankara—Erzincan suture zone
in the S-SW direction. The presence of more ultramafic source
field inputs in the Kisirkaya samples indicates that a signifi-
cant amount of material was transported from the ophiolitic
masses, especially along the south Marmara. Considering that
the Marmara Sea had not yet opened during the Pliocene,
a significant amount of Cr, Fe, and Ni-rich clastics were inclu-
ded in sediments discharged from the Intra-Pontide ophiolites
and other ophiolitic belts further south into the Black Sea.
Alpha quartz and cristobalite minerals forming at low tempe-
ratures in the mineralogical composition of the sands show
that vein-filled quartz associated with hydrothermal alteration
was transported in fluvial sediments together with clays.

Provenance analysis with zircon

The zircon ages obtained from the Istanbul Pliocene
sequence provided important data about the possible age of
the formation and interpretation of the source region. Zircon
grains with different morphological features (well-rounded,
semi-rounded, and euhedral), oscillatory zoning, and occa-
sionally containing inherited cores were dated. Considering
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the zircon shapes, some zircon grains are well-rounded and
were subjected to long-term weathering-transport processes,
while some were transported over short distances and have
semi-rounded, or preserved prismatic crystal morphology.
According to their internal structures, zircons are mostly mag-
matic zircons with oscillatory zoning, some of them have
patchy internal structures containing inherited cores, and some
have a cloudy appearance with weak and/or without zoning.
Similarly, some zircons are surrounded by metamorphic halos.
Mesoproterozoic—Paleoproterozoic ages were obtained at
eight points in zircon grains collected from the Sile and
Kisirkaya sands. 2°Pb/?’Pb ages from zircon grains vary
between 1580+130 and 2396+72 Ma,; there is no Meso-
proterozoic—Paleoproterozoic magmatic activity described in
the study area and its surroundings. Similar cratonic zircon
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ages are found in the Istanbul Paleozoic sequence (IPS) (Okay
et al. 2011; Ustadmer et al. 2011), Istranca Massif (IM)
(Natalin et al. 2012), and metamorphic basement rocks of the
Sakarya zone (SZ) (Aysal et al. 2012; Ustadmer et al. 2016).
The Neoproterozoic is represented by a total of five zircon
ages between 648417 and 999+11 Ma (Cryogenian—Tonian).
Similarly, Neoproterozoic ages are reported in the IPS, IM,
and metamorphic basement rocks of the SZ. The aforemen-
tioned data indicate that these “Cratonic” ages were probably
derived from earlier sedimentary and/or metamorphic rocks.
Peak ages yielded 545.3, 553.35, and 572.95 Ma (Ediacaran)
and 494.9 and 513.45 Ma (early Cambrian), which are similar
to Upper Precambrian—Cambrian magmatics, and the detrital
zircon populations in sedimentary—metamorphic rocks in
Turkey. Late Precambrian—Cambrian magmatism was described
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in the Menderes Massif (MM) (Kroner & Sengér 1990;
Bozkurt & Oberhénsli 2001; Gessner et al. 2004; Koralay et
al. 2004; Bozkaya et al. 2006; Candan et al. 2011; Zlatkin et al.
2013), Istanbul zone (IZ) (Chen et al. 2002; Ustadmer et al.
2005), Armutlu peninsula (AP) (Okay et al. 2008b; Ozbey et
al. 2022; Sunal et al. 2022), and the IM (Yilmaz et al. 2021 and
references therein). Similar zircon populations are found in
the TPS (Okay et al. 2011; Ustadmer et al. 2011), IM (Natalin
et al. 2012), and the underlying metamorphic rocks of the SZ
(Aysal et al. 2012; Ustadmer et al. 2012, 2016). Ordovician—
Silurian zircon populations are represented by peak ages of
425.25,443.1, 458.15, 460.25, and 475.3 Ma. Ordovician mag-
matic rocks are described in the southern Marmara region
(Okay et al. 2008a,b; Ozbey et al. 2013). Okay et al. (2008a)
yielded 467+4.0 Ma and 467+4.5 Ma, and Ozbey et al. (2013)
obtained an age of 446+8.0 Ma from jadeite-bearing meta-
granites south of the Izmir—Ankara—Erzincan suture belt.
East of this area Okay et al. (2008b) obtained 488+6 and
457+6 Ma ages from metagranite samples intruded into
amphibolite. Topuz et al. (2020) reported Silurian ages from
amphibolites and metagranites in the SZ. Ordovician—Silurian
zircon populations are found in the metamorphic basement of
the SZ, IM, and IZ. There is no record of Ordovician—Silurian
magmatic activity in the IM and the IZ. While Devonian-aged
zircon populations with peak ages of 382.2 and 408.1 Ma are
described in the Sile sands, this age range was not defined in
the Kisirkaya region. However, Lower—-Middle Devonian
magmatic activity was identified within the basement rocks
of the SZ (Okay et al. 2006; Aysal et al. 2012; Sunal 2012;
Karsli et al. 2020; Topuz et al. 2020). Lower—Middle Devonian
zircon populations were also reported in different clastic rocks
within the Karakaya complex (Ustadmer et al. 2016). Carbo-
niferous zircon populations with peak ages of 298.2, 298.55,
310.8, 311.85, 323.05, 332.15, 336.35, 341.95, 342.65, and
356.65 Ma were detected in the sands. Carboniferous zircons
were measured at nine points in the Kisirkaya sands and
twenty-seven points were present in the Sile sands. Carboni-
ferous magmatism was widely described in the IM and the SZ
(Ustadmer et al. 2012; Natalin et al. 2016; Topuz et al. 2019).
Although Carboniferous magmatism was not identified in
the 1Z, significant Carboniferous zircon populations were repor-
ted in the IPS (Okay et al. 2011). The fact that there are three
times more Carboniferous zircons in the Sile sands compared
to the Kisirkaya region indicates that zircon may have been
transported from Carboniferous magmatic rocks, especially in

the SZ. Although Kisirkaya sands are very close to both the
IM and the IPS, the fact that they contain less zircon is related
to the relatively low input from these sources. Permian zircons
are represented by peak ages 0f 259.7, 268.8, and 280 Ma, and
there are nine zircons in the Kisirkaya sands and ten zircons in
the Sile sands. Permian zircons are almost evenly distributed
on both sides. Permian—Triassic magmatism was described in
both the IM and the IZ (Okay et al. 2001, 2014; Sunal et al.
2006; Natalin et al. 2016; Aysal et al. 2018b and references
therein). Permian magmatic rocks are also reported in the BM
(Ustadmer et al. 2005; Bozkurt et al. 2012), Uludag Massif
(Topuz & Okay 2017), and the SZ (Di Rosa et al. 2019).
Middle Jurassic zircons with peak ages of 155.75-161.7 Ma
were found in the Kisirkaya zircons. There is no Jurassic mag-
matic activity defined in Istanbul. However, magmatic rocks
cutting the fossiliferous Jurassic sequence were identified
in the Mudurnu valley east of Istanbul (Geng & Tiiysiiz 2010).
In addition, Middle Jurassic volcanic and plutonic rocks were
dated in the Kastamonu—Kiire region in the Central Pontides
(Karshioglu Turgut et al. 2012; Okay et al. 2014). Cretaceous
zircons were determined with peak ages of 71.75, 73.15,
81.55, 83.3, 98.0, 109.55, and 133.7 Ma. Upper Cretaceous
volcanic rocks are defined at the base of both regions. These
volcanic and plutonic rocks are present on both sides of the
Bosporus with 7542 to 67+2 Ma ages for volcanic rocks in
the north of Istanbul, 67.91+0.63 to 67.59+0.5 Ma ages for
the plutonic rocks (Yilmaz Sahin et al. 2012), and 72.49+0.79
to 65.44+0.93 Ma ages for the mafic-intermediate dykes cut-
ting the IPS (Aysal et al. 2018a), and the Cretaceous zircons
may have originated from these volcanic—plutonic rocks.
The 56.7 Ma zircon peak ages of the Paleocene (between
63 and 56 Ma) are similar to the age of 58.9+1.8 Ma age for
diorite sample (Aysal et al. 2018b) and possibly derived from
similar magmatic rocks. Eocene zircons (between 56-33.9 Ma)
were measured in twenty grains. Eocene volcanic—plutonic
rocks crop out in large areas in the Biga Peninsula (BP)
(Fig. 10), and in the AP (Harris et al. 1994; Kopriibas1 &
Aldanmaz 2004; Topuz et al. 2005, 2011; Okay & Satir 2006;
Karacik et al. 2008; Keskin et al. 2008; Ustadmer et al. 2009;
Altunkaynak et al. 2012; Sunal et al. 2019; Sen 2020). Paleo-
cene—Eocene magmatic activity was not observed in the IM
and its surroundings. However, it is noteworthy that Kisirkaya
sands contain more Paleocene—Eocene zircons than the Sile
sands. Oligocene—Miocene zircons were dated in the Kisirkaya
and Sile sands. Oligocene—early Miocene volcanic rocks cover

Table 5: Th/Sc, Th/Co, and Th/Cr indices for the Sile and Kisirkaya sands and clays and their comparison with upper continental crust (UCC)
and basic-ultrabasic abundances. (1) Cullers 1994, 2000; (2) Taylor & McLennan 1985.

Crustal source Sile Kisirkaya Sile Kisirkaya
Elemental ratio Range f?r basic and Clay Clay Sandstone Sandstone
ultrabasic source (1) UCC (2) (n:5) (n:4) (n: 5) (:3)
average average average average
Th/Sc 0.05-0.22 0.79 0.660 0.415 1.929 0.559
Th/Co 0.04-1.40 0.63 1.067 0.360 4.134 0.753
Th/Cr 0.02-0.05 0.13 0.173 0.051 0.012 0.007
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a large area in the BP (Aysal 2015 and references therein).
According to the findings obtained from detrital zircon ages
obtained from the Kisirkaya and Sile sands, the youngest
zircon age is 22.98+0.95 Ma and corresponds to the Lower
Miocene Aquitanian period. The sedimentary succession that
forms the Kisirkaya and Sile sands is given in Ozgiil et al.
(2011), and it was suggested that it might be of late Oligocene—
early-middle Miocene age. The data obtained show that the
sedimentary sequence forming the Kisirkaya and Sile sands
must be younger than the early Miocene.

Morphotectonic evolution of the Istanbul Pliocene Basin

Trace element geochemistry and zircon age data of the
sands belonging to the Istanbul Pliocene show that the palaeo-
river carrying the sediments derived from today’s northern
Aegean Sea region, passed through Canakkale, Balikesir,
Bursa, and Istanbul, and finally discharged into the Black Sea.
When the trace element values of sands and clays are norma-
lized to the upper continental crust, the basic rock-specific
elements such as Cr and Ni are above the values of the conti-
nental crust, which indicates the presence of ophiolitic rocks
in this transport route and/or drainage basin. These ophiolitic
rocks are Intra-Pontide or Neotethyan (Izmir—Ankara—Erzincan
Suture) suture zone ophiolites.
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Oligocene zircon grains in the sands revealed that the
Pliocene fragments originated significantly from Canakkale
and Balikesir regions where Oligocene volcanics exclusively
cover wide areas (Dilek & Altunkaynak 2009). After the clo-
sure of the Intra-Pontide ocean at the end of the Eocene,
the NW part of Anatolia uplifted because of collision and the
region experienced terrestrial conditions (Y1lmaz et al. 2010).
This terrestrial area was further uplifted by the Oligocene
pyroclastics accumulating in the Balikesir—Canakkale region
(Altunkaynak & Yilmaz 1998; Koral et al. 2009), and the clas-
tics originating from the high elevation area were transported
to the Black Sea during the Pliocene. Rock fragmentation and
decomposition in the piedmont plateau and transportation
from SSW to NNE were accelerated by the structural lines
extending in the NNE-SSW direction during this period.
NE-SW-oriented horst and graben structures and/or drainage
patterns developed in western Anatolia in the Miocene (Sengor
et al. 1985; Yilmaz et al. 2000). During the Miocene and
Pliocene, rivers possibly flowed from the southern plateau
towards the Black Sea which existed since the late Cretaceous.
Sedimentological studies also indicate the palacocurrent direc-
tion as SW to NE for Oligocene clastics in the Thrace Basin
(Elmas 2012).

At the end of the Pliocene and the beginning of the Quater-
nary, the Marmara Sea depression was formed by normal
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faulting in E-W and NE-SW directions around Bursa and
Istanbul, respectively, and the river sediments discharging
into the Black Sea were blocked and then deposited along
the southern shore of the Marmara Sea depression. The most
typical faults that control the Marmara Sea depression and
synchronous uplift of the Thrace Basin and Istanbul peninsula
were related to the NE-SW trending Kartal-Tuzla fault
(Eroskay & Kale 1986; Oztiirk 2005), Adalar and Beykoz—
Sartyer fault (BSF) (Oztiirk 1998). Beyond these three parallel
normal faults, the Central Thrace fault zone (Babaeski Fault,
Kirklareli Fault, Liileburgaz Fault; Peringek 1991; Peringek et
al. 2015) also extends in a similar direction and must have
formed in the same tectonic stage. Beyond their elongation,
their common features are dipping to the south and having
thick terrestrial sediments in front of them. The most typical
fault-bounded sediment deposits of the Quaternary occur in
the Beykoz Fault where the thickness of this colluvial fan is
more than 60 meters (Oztiirk 1998). The vertical offset of
the BSF is more than a few hundred meters, according to
the displacement in the concordant Paleozoic formations.
This fault caused a morphological change in the Istanbul
Strait, where the Istanbul Strait undergoes a 90-degree sudden
turn. The BSF crosscuts the Bosporus and extends to Sariyer,
where the Quaternary deposits have a tectonic contact with
Paleozoic formations.

The BSF must have crosscut the Pliocene sediments and
caused the reworking of the Pliocene clayey and sandy mate-
rials in the Quaternary. This reworked Pliocene is seen in front
of the BTF and was used for tile production in both Sariyer
and Beykoz until the 1950s. Similar fault-controlled, unce-
mented colluvial-alluvial deposits were locally detected in
Istanbul and defined as Belgrad gravels. Although there is no
detailed investigation of them, some geologists stated they
were Quaternary terrace deposits (Lom et al. 2016) relict from
a palaeo-river system (Pamir 1938). Our investigations of this
coarse-grained sedimentary succession show that they were
deposited bounding the fault zone and represent a fault-con-
trolled fan deposit. Fragmentation of the Pliocene blanket, cut
by normal faults and subjected to rapid erosion and thus for-
ming two independent Pliocene patches, remained in the east
and west of the Bosporus. The Tuzla Fault is also similar to
the Beykoz—Sariyer Fault zone as it strikes in a similar direc-
tion, and also controls a linear shoreline and thick terrestrial
clastic deposition in the Tuzla region (Oztiirk 2005).

Pliocene river sediments, which were deposited along the
Black Sea, are expected to show delta morphology on this
shoreline. Contrary to a delta morphology, the NW-SE-
trending linear coastal morphology is very distinctive along
the Black Sea coast, which is similar to the other Quaternary
fault elongations. This linear shoreline was formerly attributed
to a north-dipping normal fault by Yilmaz et al. (2010), and
some part of the Pliocene delta deposits must be downthrown
into the Black Sea.

The low-angle normal faults which are still active and run
parallel to the southern shore of the Sea of Marmara are con-
sidered detachment faults associated with core complex

development and/or Uludag uplift (Usiimezsoy 2000). This
recently uplifted region is morphologically defined as the
Bursa—Balikesir Plateau (Yilmaz et al. 2010), and Bursa—
Uluabat—-Manyas—Gonen coastal plain (Giirer et al. 2003;
Selim et al. 2012; Selim & Tiysiiz 2013). These normal
faults also resulted in the formation of the Sea of Marmara.
On the southern side of the Marmara Sea region, many thick
terrestrial alluvial sediment deposits independently occur in
a large area. These formations are defined in a range from late
Miocene to Holocene according to their thickness and strati-
graphic positions. However, there is no certain age determina-
tion. Mostly colluvial sediments were deposited in front of the
N30E-trending normal fault and outcrop on the southern slope
of Kirazliyayla Village in Yenisehir. Like the Yenigehir basin
fill, Bursa and other plains include Quaternary sedimentary
fill more than a few hundred metres thick.

Because of the changing tectonic regime, E-W-trending
normal faults of the Marmara region began to move laterally
instead of vertically. Pre-existing normal faults started to work
as strike-slip faults because of changing tectonic stress. This is
a phenomenon that should be expected because it is much
easier to use pre-existing fractures and/or modify their move-
ment direction instead of developing a new fracture. Therefore,
most of the debate within the Sea of Marmara is due to faults
that changed from old directions of movement. This is espe-
cially the case for the nature of the faults around the three deep
basins in the Marmara Sea. Although there is general compres-
sional tectonic stress, the depths of certain deeper basins in the
sea of the Marmara region are possibly continuing to deepen
instead of shallowing because of the activity of pre-existing
normal faults opening the Marmara Sea depression. Important
geological events and developments in the morphotectonic
elements from Pliocene to the present in the Marmara Sea
region are shown in Figure 11.

Considering that the fine clastics in the north of Istanbul
were deposited in the Pliocene according to the clastic zircon
ages, the formation of the Marmara Sea is the post-Pliocene
event.

On the other hand, the most important structure in the Sea
of Marmara is the North Anatolian Fault (NAF), which is
much later than the Plio-Quaternary faults that were respon-
sible for the opening of the Marmara region depression.
The entrance of the NAF into the Sea of Marmara is generally
accepted as a few hundred thousand years (Imren et al. 2001;
Le Pichon et al. 2001; Sengor et al. 2005; Selim et al. 2016)
Very recently, Akbayram et al. (2016) suggested an age of
3.9 million years for the entrance of the NAF into the Sea of
Marmara. However, considering the Pliocene formations in
the north of the Marmara Sea eliminate a few million years of
formation age.

The main body of the Istanbul Pliocene river possibly flowed
between two morphologically different plateaus, the Bursa
and the Balikesir plateaus, and tributaries of this river possibly
met in areas within the present Sea of Marmara. This river
possibly meandered in this area before reaching the Istanbul
delta plain. Palaeo-river channel morphology is still seen
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Fig. 11. Palacogeographic map showing drainage area and transportation route of the Pliocene deltaic sediments discharging into the Black
Sea (a), formation of the Marmara depression and blocking of the northward-flowing Istanbul Pliocene river associated with Istanbul-Thrace
uplift in the north and Uludag in the south by normal faults (b), entrance of the North Anatolian strike-slip fault into the Sea of Marmara,

capturing of former normal faults and formation of new depressions (c).

under the sea of Marmara, which is a relic of the Istanbul
Pliocene river (Armijo et al. 2005). It is interesting that the
Bursa and Balikesir plateau boundary, the submarine canyon
in the Marmara Sea, the Bosphorus, and a major channel at
the edge of the Black Sea constitute a straight line, and all
must be associated with the Istanbul Pliocene river.

During the Pliocene, there must have been some other rivers
flowing into the Black Sea, like the Istanbul palaco-river.
The Sakarya River is a possible relict from Pliocene time,
which is locally affected by extensional tectonics in the Mar-
mara region. Thick alluvium with a few hundred meters’ thick-
ness in the Adapazari plain (Karapiircek Formation: Emre et
al. 1998, Erturag 2021) is related to this extensional tectonic
period. However, the Sakarya River possibly quickly filled
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this depression and went on flowing into the Black Sea from
Pliocene to the present without blockage like the Istanbul
Pliocene river (Fig. 11).

Another Pliocene river was possibly the present-day Meri¢
(Maritsa) River, draining from the Rhodope heights and flo-
wing into the Black Sea via the Binkilic corridor (Elmas &
Sengiil 2013). Similar to the Istanbul River, the discharge
from the Thrace basin into the Black Sea must have been
blocked as a result of the quick uplift of the Istranca metamor-
phic massif in the north and/or collapse of the Thrace basin
during the Quaternary period. The Pleistocene Kircasalih
Formation, which contains fault-controlled terrestrial sedi-
ments reaching a thickness of 600 meters, is the most impor-
tant geological phenomenon showing the very recent uplift of
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the Istranca Mountains. Due to this rapid uplift in the north
and the subsidence in the south, the rivers flowing from the
Thrace Basin into the Black Sea in the Pliocene turned to
the south like the present Meri¢—Ergene river system in the
Quaternary. The Pliocene-aged terrestrial Ergene Formation
with a thickness of a few km in the Thrace Basin and the ter-
restrial basaltic lava flows of the Miocene to Pliocene age are
further evidence of a young extensional tectonic regime in
the region.

Conclusion

Integrated field observations of clastic deposits, detailed
geochemistry and detrital zircon U-Pb ages study conducted
in the north of Istanbul to determine provenance and deposi-
tion conditions led to the following main conclusions:

» The Pliocene-aged clay, coal, and sand series occur as hori-
zontally bedded and weakly cemented clastics which are
located on the Upper Cretaceous volcano-sedimentary series
in the east and west of the Bosphorus. This Pliocene
sequence is represented by coarse pebble and sand at the
bottom, clay and coal in the middle, and sand-rich succes-
sion at the top, and reaches a thickness of about 80 meters.
They typically represent deltaic sediments.

» U/Pb ages for clay and sands obtained from zircon minerals
in the sands show that the sediments originated from regions
containing Neoproterozoic, Paleozoic, Mesozoic, and Oligo-
cene formations.

» QOligocene zircon ages of the sands, trace element geoche-
mistry of clays and sands, and regional geology indicates
the source area where a palaco-river originated from the
heights of NW Anatolia and North Aegean in the Pliocene
and carried sediments to the Black Sea.

» This situation reveals that the North Aegean Sea region was
a piedmont plateau, subject to rapid uplift, weathering and
erosion during the Pliocene.

* Pliocene rivers flowing from SSW to NNE were possibly
parallel to the strike of horst-graben structures which were
active in that period. Pliocene drainage basins may have
been controlled by these structures.

* High Cr and Ni contents of the sand and clays, which are
higher than the upper continental crust values, reveal the
presence of basic-ultrabasic rocks (Neotethyan and Intra-
Pontide suture zone ophiolites) in this drainage basin.

* CIA and PIA indexes of the Pliocene sediments indicate that
the K-feldspar-rich magmatic rocks underwent moderate to
intense weathering in the source region.

e Towards the end of the Pliocene deposition, NW—-SE-
trending normal faults developed in the Marmara region
and resulted in the formation of the Marmara Depression as
a proto-Marmara Sea between the uplifted Bursa-Balikesir
Plateau and Istanbul-Istranca Heights. During this period,
the Palaeo-Istanbul river flowing into the Black Sea via
Istanbul Strait must have been blocked by the Marmara
Depression in the Pleistocene.

* The blocking of the Pliocene river by the Marmara Sea in
the Quaternary shows that the Marmara Sea formed in the
Quaternary.

* In the late Quaternary, the North Anatolian strike-slip fault
entered the Marmara Sea using pre-existing normal faults
within a few hundred thousand years. Our findings indicate
that the Istranca Mountains also were uplifted very rapidly
like the Istanbul region in the Quaternary.

* The rivers (Merig—Ergene system) that drained from the
Thrace Basin into the Black Sea were also blocked by
the uplifting Istranca Mountains and turned towards the sub-
siding Aegean Sea. The changing of the flow direction on
the Merig river is an important research subject to clarify in
future studies.
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