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Semi enclosed Marmara Sea is a passage between the Aegean Sea (Northeastern Mediterranean
Sea) and the Black Sea. The Marmara Sea is connected to the Black Sea and Aegean Sea through the
Istanbul Strait (Bosphorus) and Canakkale Strait (Dardanelles), respectively. Despite the fact that
the late Pleistocene-Holocene connections between the seas have been explored by many scientists,
there are still uncertainties about the nature and timing of the connections. Within the scope of this
study, a new approach has been displayed for post-glacial connections between the Black Sea, Mar-
mara Sea and Aegean Sea. This study is based on 80 shallow seismic reflection lines, multibeam
bathymetric data and 15 short gravity cores collected from the northeastern shelf of the Marmara
Sea (between Silivri and Golden Horn). The sea bottom and sub-bottom morphology have a highly
chaotic structure at the exit of the Biiyiikgekmece/Kiigiikgekmece lagoons and further east near the
Marmara- Istanbul Strait junction. This chaotic bottom and sub-bottom surface morphologies are
mainly controlled by the structure of the basin, current regime of the shelf, coastal drainage systems
and by the sea/lake water level changes controlled by climate and the sill depths of the two straits,
which in turn determined the water exchange between the seas. The sedimentological interpretation
of the seismic reflection profiles and core sediments have allowed us to distinguish five stratigraphic
units (S1-S5) and four sedimentary layers (A-D) over the acoustic basement. The lower stratigraph-
ic unit and sedimentary layer are separated from the overlying acoustic basement by a chaotic to
parallel and by a high amplitude seismic reflector. Seaward dipping units of the acoustic basement
are inferred to be the seaward continuation of the Oligocene—Upper Miocene units widely exposed
on land. The presence of three different marine terraces distinguished (T1-T3) along the northeast-
ern shelf of the Marmara Sea have been associated with the six different curves of the post-glacial
sea-level changes. From statistical point of view, the most significant terraces occur from -78 m to
Received Date: 09.10.2017 -80m (T1),-58 m to -62 m (T2) and -28 m to -32 m at (T3). Considering the global sea level curves,
Accepted Date: 27.02.2018  these terraces can be dated 9.25, 12.25 and 13.75 Cal kyr BP, respectively.

1. Introduction (Figure 1). The Istanbul Strait is about 30 km long and
its width varies between 0.7 and 3.7 km with water

The Marmara Sea is an inland sea with a surface depth varies from 36 to 124 m. Canakkale Strait is
area of approximately 11,350 km? which is connected about 61 km long and 1-6 km wide with mean water

to the Black Sea and the Mediterranean Sea through depth of 55 m (Besiktepe et al., 1994; Polat and
the Istanbul Strait and Canakkale Strait respectively Tugrul, 1996).
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Figure 1- Sea bottom morphology (General Bathymetric Chart of the Oceans; GEBCO), topography of landmass (Shuttle Radar Topography
Mission; SRTM) and location of the study area. Coastline data are taken from the Istanbul Metropolitan Municipality.

The Marmara Sea and the strait system regulate the
oceanographic conditions and sea-level differences
between the Black Sea and the Mediterranean Sea. At
present, the Black Sea level is high (~30 cm above
the Marmara Sea) due to high discharge of major
European and Asian rivers, resulting in outflow
through the Istanbul Strait (net outflow is ~300 km?/
yr) (Unliiata et al., 1990; Oguz et al., 1990; Besiktepe
et al., 1994). The present water exchange across the
Canakkale and Istanbul Straits occurs as a two-layer
flow. A cooler and lower salinity (%o 17-20) Black Sea
water exits southward at the surface while warmer and
higher salinity (%o 38-39) Mediterranean Sea water
flows northward at depth through the straits (Polat and
Tugrul, 1996; Ozsoy et al., 2001). The water column
of the Marmara Sea is characterized by two distinct
layers with different temperature and salinity levels:
the upper layer (salinity <25psu) and the deeper layer
(salinity=38.7psu), separated by a steep halocline
located between 20 — 25 m (Besiktepe et al., 1994).
Major rivers flow into the Marmara Sea only from the
south and discharge ~2.2x10° tons/yr of suspended
sediment (EIE, 1993). The Marmara Sea has strong
surface and relatively strong bottom currents
(Besiktepe et al., 1994) and a small tidal range (8-10
cm, DAMOC, 1971; Alpar and Yiice, 1998).

The reconnections among the Black, Marmara and
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Mediterranean Seas after the Last Glaciation have
been discussed in recent literature. Various scenarios
have been proposed for the modes and periods of
the connections e.g., Ryan et al. (1997); Gokasan et
al. (1997); Goriir et al. (2001); Aksu et al. (2002q, b
and ¢); Kaminski et al. (2002); Myers et al. (2003);
Polonia et al. (2004); Major et al. (2006); Hiscott
et al. (2002, 2007 and 2008); Meri¢ and Algan
(2007); Eris et al. (2007 and 2008); Martin et al.
(2007); McHugh et al. (2007); Cagatay et al. (2000,
2003,2009, 2015). Myers et al. (2003) examined the
catastrophic flood hypothesis through the Istanbul
Strait proposed by Ryan et al. (2003) by means of a
series of simple hydraulic calculations to investigate
some of the questions associated with the Holocene
reconnection of the Black Sea with the Mediterranean
Sea through the Turkish Straits System. The same
hydraulic model was also used to elucidate the more
traditional connection hypothesis of continuous
freshwater outflow from the Black Sea, and slowly
increasing saline water inflow from the Mediterranean
Sea beginning around 8-9 Cal kyr BP (Myers et al.,
2003). According to an alternative outflow hypothesis,
the Black Sea level was at -40 m (i.e., the bedrock sill
depth in the Istanbul Strait), Black Sea waters were
cascading down slope into the rising Marmara Sea
from 10 to 9 Cal kyr BP and finally constructing the
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outflow delta at the southern exit of the strait (Hiscott
et al., 2002; Aksu et al., 20025). However, the same
delta was claimed to have been formed by sediments
transported by the Kurbagalidere River during the
middle Holocene (Eris et al., 2007).

The main objective of this study is to investigate
the Late Quaternary sub-marine terraces on the
northern shelf of the Marmara Sea between Silivri
and Golden Horn and its implications for sea-level
change (Figure 1). We also would like to identify the
effects of the sea-level rise on the sediment supply and
paleo-oceanographic conditions of the region using
sedimentological, geochemical, seismic reflection and
bathymetric data.

Four different chronostratigraphic sedimentary
layers and five different seismic units have been
distinguished over the acoustic basement in the
Northern Shelf of the Marmara Sea. Three distinct
terraces are clearly identified in the interpreted seismic
reflection profiles. The latest connection between the
Mediterranean and Marmara Seas was established as
the sea-level reached the sill depth of the Canakkale
Strait. At the end of this wet period, Mediterranean
saline water invaded the Marmara Sea bottom and
gradually established anoxic conditions (Cagatay
et al., 1999 and 2000). Further rise of the sea-level
during the next warm period reached the depth of the
Istanbul Strait and the latest connection between the
Marmara, Black and Aegean Seas was established.

2. Materials and Methods

In this study, geophysical (shallow seismic and
bathymetric) and sedimentological (gravity cores)
data collected from the northeastern shelf of the
Marmara Sea were used. Total of 94 seismic reflection
profiles with 1100 km length were acquired during the
cruise of the R/V Koca Piri Reis in October 2007 and
fifteen gravity cores were collected during the cruise
of the R/V Arar in March 2008 (Figure 2).

Continuous seismic reflection surveying was
carried out by using a standard side mounted (SeaBed
3010 Mp; frequency: 3-7 kHz) and a deep-towed chirp
(GeoChirp IT Sub-bottom Profiler; frequency: 1 kHz-
12 kHz) sub-bottom profilers. The seismic reflection
data along 80 lines (Figure 2) are used to map the
sub-bottom features such as total sediment thickness
and paleo-topography of the acoustic basement. In
interpretation of the reflection patterns in the seismic
reflection data, methods defined by Mitchum et al.
(1977); Vail et al. (1977); Brown and Fisher (1980);
Sangree and Widmier (1977); Badley (1985) and
Boggs (1987) were followed. Depth conversions were
made using a sound velocity of 1500 m/s for the sea
water depth and 1600 m/s for the Late Quaternary
sediment thickness (Ediger et al., 1993; Okyar et
al., 1994). A Differential Global Positioning System
(DGPS) was used for navigation during the cruises.

Total of 12.579 surface depth values (in meter) of
the acoustic basement with 5 m interval from a total of
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Figure 2- General bathymetry (100 m intervals) (General Bathymetric Chart of the Oceans; GEBCO), coastal topography (20 m intervals)
(Shuttle Radar Topography Mission; SRTM), coastal drainage system, shallow seismic lines and sediment core locations are shown
along the northeastern Marmara shelf. Bold red lines indicate seismic sections and bold white dots indicates sediment core locations.
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40 interpreted shallow seismic reflection profiles are
sampled to find the prominent topographic features
and determine the most significant terraces in the
northeastern shelf of the Marmara Sea. The clarity and
the coverage area (depth intervals) of the terraces along
the seismic reflection profiles have been considered in
determining the number of depth measurements on
each of the terraces.

A total of 15 sediment cores were obtained using a
standard gravity corer along the inner Marmara shelf
area between the Biiylikgekmece and Kiigiikcekmece
bays where the maximum water depth is 76 m (Figure
2). The cores were opened in the laboratory for visual

observation of lithology and sedimentary structure.
For this study, 12 sub-samples were selected based on
colour, grain size, shell contents and layers (A1, A2
and A3) within the top layers of the cores (Figure 3).
Each sample was dried and powdered for geochemical
analysis. Approximately 80 mg of the samples were
weighed for TOC analysis using a Rock-Eval 6
Pyrolysis device at the TUBITAK Marmara Research
Center, Environmental and Petroleum Geochemistry
Lab (Figure 3).

A chronology was established based on *C analysis
from five molluscs and one Lithothamnium samples
(Figure 3; Unit B). Radiocarbon analysis was carried
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Figure 3- The generalized columnar section showing the units and subunits distinguished by the
examination of 15 gravity cores (St. 1-15). A (subunits: A1-A3), B, C (subunits: C1-
C4) and D are the main Late Quaternary sediment units and AB is the rocky acoustic
basement. TOC values of the A1-A3 and age of the B, C (subunits: C1-C4) and D units

are given at figure.
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out at the NOSAMS Facility at Woods Hole, MA. The
age variability of the sediments is reported as both
calibrated (Keven, 2002) years BP and radiocarbon
years BP (Figure 3). Finally, the ages were converted
to calendar years. CALIB makes the conversion
from radiocarbon age to calibrated calendar years by
calculating the probability distribution of the sample’s
true age. (Stuiver and Reimer, 1993).

Four (bivalve, gastropod and Lithothamnium)
samples were cleaned powdered and analysed for
oxygen isotope values (3'¥0). Oxygen isotope analysis
was conducted using EA-GC/IRMS (Micromass
UK) at the TUBITAK Marmara Research Center,
Environmental and Petroleum Geochemistry Lab.
IAEA standards were used to calibrate the instrument.
Pore waters were extracted from the same depths as
the samples (bivalve, gastropod and Lithothamnium)
collected for the radiocarbon dating analyses. Pore-
water salinity measured by salinometer (WTW, ph/
Cond 340i).

3. Results and Interpretations
3.1. Sea Bottom Topography and Depth Analysis

The studied shelf area becomes narrower and
deeper from west to east direction (Figure 4). Most
significant four depth intervals of the sea bottom
topography (between -10m and -12m, -24 m and
-26m, -54 and -58m and -76 and -80 m) along the shelf
were distinguished as a result of data interpretation
by using the depth distribution bar-graphs shown
in figure (4). It can be clearly seen that the most
predominant depth range along the shelf is between
-54m and -58m. Morphological characteristics varies
considerably from west to east, which are likely to be
due to the structural characteristics, distance to the
NAF, coastal morphology, bottom current system and
coastal sedimentary processes.

3.2. Seismic Stratigraphy and Sediment Thickness

According to the basic seismic stratigraphic
principles, three distinct main boundary reflector
surfaces (R1-R3) and two unconformity surfaces (Ul

NUMBER OF DATA

-50 -60 -80 -90 -100 110 -120

DEPTH (m) (Total Area)

-70

Figure 4- Total depth prevalence analyses with bar graph of the water depth Frequency distribution based on approximately 178,000 depth
measurements. The horizontal axis is the measured depths from the echosounder; the vertical axis is the number of depth measurement
for a given bin (bin size is 2 m.). From statistical point of view, the most significant depth intervals occur between -10 m and -12 m,
-24 m and -26 m, -54 and -58 m and -76 and -80 m. BC: Biiyiikgekmece, KC: Kiigiikcekmece, GH: Golden Horn and IS: Istanbul

Strait (Bosphorus).
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and U2) were identified within the five sedimentary
seismic units (S1-S5) overlying the acoustic basement
(AB) (Figures 2 and 5).

The beds of the acoustic basement underlying
the sedimentary units (S1-S5) dip towards southeast
and have strong and irregular surfaces reflection
configuration (Figure 5). The top of the sedimentary
acoustic basement (Figures 5 and 6) is an erosional
unconformity (Ul) formed during the Last Glacial
Maximum (LGM) period. The oldest seismic unit (S5;
Layer-D) fills the paleo-depression and channel over
the unconformity surface Ul (Figures 3, 5 and 6).
Unit S5 is generally represented by a strong chaotic
reflection, having internal reflection characteristics
indicative of relatively coarse-grained sediments
over the top of the AB in depression. Gravelly and
well-rounded sediments (Unit-S5) might have been
concentrated under the winnowing and washing
processes of the high energy (regressive) conditions
during the Last Glacial regressive period. Another
prominent unconformity surface U2 occurs at the top

of the Unit S5. This unconformity is partially erosional
and was formed during the post-glacial wet period. It
is overlain by the onlapping transgressive unit S4 and
S3 with the well-developed bioherms at the bottom
of Unit S4 and top of Unit S5 (Hiscott et al., 2007,
Cagatay et al., 2009 and Eris et al., 2011) (Figure 6).

Mud dominated and weakly stratified S4, S3, S2,
and S1 units above the unconformity surfaces (Ul
and U2) consist of weak-reflection and acoustically
transparent internal structure. Moreover, these
units are separated by conformable R3, R2 and Rl
reflectors from each other, respectively (Figure 5).
Units S3, S2 and S1 are significantly thicker at the
eastern depression of the shelf and on the margins.
These units thin considerably as close to the shore and
on the south side of the shelf.

Sedimentary deposits overlying the regional
unconformity surface (U1) are identified as Holocene
sediment having calibrated ages younger than 9575 +
115 Cal yr BP for which the total thickness along the
shallow seismic reflection lines was calculated and
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Figure 5- High resolution seismic section from Line-28 (top). Seismic stratigraphy and interpretation of the Line-28 (bottom). Location of the

44

line is given in Fig. 2. S1, S2, S3, S4 and S5 are the main sedimentary units; SS is a kind of slumping/sliding deposit; AB is Acoustic
Basement; R1, R2 and R3 are the main transgressive and U1 and U2 are erosional surfaces.
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Figure 6- High resolution seismic section from Line-73 (top) and the interpreted section (bottom). Location of the line is given in figure 2. S1,

S2, S3, S4 and S5 are the main sedimentary units.

mapped (Figures 3 and 5). Figure 7 shows the thickness
map of Holocene sediments over the acoustic basement.
Thickness variations in sediment cover are strongly
controlled by the sediment sources, sedimentary
processes and topography of the underlying erosional
surface. Areas of thick sediment deposition generally
occur over localized bedrock troughs, near the coastal
zone, at the edge of the shelf and at the Istanbul Strait-
Marmara Sea junction (Figure 7). Notable examples
of 10 to 15 m thick sedimentary deposition occur
filling depressions in the eastern and central part of
the area. The thickest deposits (15-30 m) are located at
the inner part of the Biiylikgekmece Bay and western
depressed mid-shelf area (Figure 7). Sediment cover
is thin in most of the central part where this part is
not completely devoid of sediment (Figure 7). High
resolution seismic reflection profiles indicate that the
Holocene sediments with less than 5 m thickness are
common throughout the study area. There are some
localities where the sediment cover drops down to less
than 2 m thick due to probable sediment removal by
bottom currents (Figure 7).

3.3. Acoustic Basement Topography and Terraces

From the shallow seismic reflection lines (80
lines) collected from the study area, only those
standing perpendicular to the shore and those parallel
to one another (40) lines) were selected for the
morphological analysis of the acoustic basement. The
sub-bottom morphology of the shelf, most probably
controlled by the North Anatolian Fault (NAF) and its
side and secondary effects in the south of the study
area, is narrowing and deepening from west to east
direction (Figure 8).

The frequency distribution of the measured depths
was plotted by using 2 m wide depth bins (Figure 8).
The depth frequency histogram optimally separates
five modes indicating presence of 3 distinct terraces
along the shelf. From figure (8), it is clear that the
most significant depths occur between “-78 and -80
m” (-79 + 1 m; blue area), “-58 and -62 m” (-60 =2 m;
red area) and “-28 and -32 m” (-30 &+ 2 m; green area)
intervals of the acoustic basement. The T2 terrace
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Figure 7- Coastal topography and total Late Quaternary sediment thickness of the northeastern Marmara shelf.
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Figure 8- Total depth prevalence analyses with bar graph of the acoustic basement Frequency distribution of the terrace depths based on
approximately 12579 samples. The horizontal axis is the measured depths from the reconstructed seismic sections; the vertical axis
is the number of depth measurement for a given bin (bin size is 2 m.). From statistical point of view, the most significant terraces
occurat T1 (-78 mto -80 m), T2 (-58 m to -62 m) and T3 (-28 m to -32 m). Depth prevalence analyses of the five different parts of the
acoustic basement (Areas 1-5) with bar graphs are also given in this figure. BC: Biiyiik¢ekmece, KC: Kiigiikcekmece, GH: Golden
Horn, IS: Istanbul Strait (Bosphorus) and PL: Paleo-Lagoon.

located between -58 and -62 m water depths covers also clearly identified on the seismic reflection profiles
the widest and most significant area along the eastern (and histogram) and labelled T1 (blue), T2 (red) and
and central mid-shelf (Figure 8). These terraces are T3 (green) respectively (Figures 8 and 9).
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In order to investigate the morphological properties
of'the sub-bottom in detail, the study area is divided into
five different sectors (A1-A5) and bar-graphs of depth
values corresponding to these sectors are prepared
and separately processed (Figure 8). Morphological
characteristics of each shelf sector are considerably
different from each other, considering their structural
characteristics, distance to NAF, coastal morphology,
current system and features of coastal sedimentary
processes. The presence of terraces and their depths
were identified at -85 m (Cagatay et al 2009, 2003;
Polonia et al., 2004; Erig et al., 2007, 2008; McHugh
etal., 2008), -80 m (Kuprin et al., 1974; Shimkus et al.,
1980; Dimitrov, 1982; Ballard et al., 2000) and-65 m
(Cagatay et al., 2009, 2003; Newman, 2003; Polonia
et al., 2004; Eris et al., 2007, 2008; McHugh et al.,
2008) in previous studies. The main reason for these
differences may be due to that fact that the seismic
reflection data analysed belong to different areas of
the Sea of Marmara which could have been affected
by different uplift-subsidence rates.

3.4. Lithostratigraphy,
Geochemistry

Chronostratigraphy ~ and

Four different chronostratigraphic sedimentary
layers (A, B, C and D) are distinguished over the
acoustic basement (AB) inthe cores (Figure 3). Layer-A
represents the youngest top sedimentary layer (younger
than 575 + 75 Cal yr BP) and has characteristics of
marine deposits (Figure 3). This layer consists of three
different sub-layers (Al, A2, and A3) based on the
color variations and TOC contents (Figure 3). Dark
olive green and brownish homogeneous mud layers
(A1) have a maximum of 12 cm thickness at the top
of the cores (St-5, St-9, St-11, St-13, St-14 and St-15;
Figure 2) and has the lowest TOC content (0.5 wt %;
Figure 3). These sediments could be provided by slide
and slump of coastal cliffs which are observed along
the coastal areas of the studied shelf (Ergintav et al.,
2011). In some places, at the bottom of this sub-layer,
dark gray to black colored sediments (A2) are present
as seen in cores St-1, St-2, St-7, St-8, St-10 and St-
12 (Figure 2). These sediments have homogeneous to
finely-laminated internal structure (maximum 15 cm
thick) and higher TOC contents (1.1 wt %; Figure 3).
Sub-layer A3 consists of gray, finely laminated muddy
sediments (A3) which are sampled from cores St-7,
St-8, St-10 and St-12 and has relatively lower TOC
value (0.94 wt %; Figure3) than that of the upper sub-
layer (A2).

Layer-B has irregular top and bottom boundaries.
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It is observed in the cores St-6, St-7 and St-8. Layer B
has a high amount of partially eroded Lithothamnium
grains, carbonate coated terrigenic and biogenic grains
and carbonate nodules in dark green muddy matrix.
Layer B is dated as 575 = 75 Cal yr BP (Figure 3).
These kinds of sediment mixtures are approximately
22 cm thick in the cores. Lithothamnium is reported
to dwell in shallow-water areas with sandy and rocky
bottoms (Milliman et al., 1972; Campbell, 1982; Alavi
et al., 1989). Although both warm and cold marine
conditions may provide appropriate environmental
conditions for growth of coralline algae, Ergin et al.
(1991) noted that most of these organisms live in warm
and saline waters in tropical and sub-tropical zones.

Layer-C is made up of as much as 130 cm thick
silt dominated and well stratified olive gray sediments
which have some micro-sized silt lenses with mica
flakes. Layer C is separated into four different sub-
layers. Sub-layers C1 through C4 are dated as 1925 +
115, 3855 £ 165, 5440 + 140 and 7620 = 100 Cal yr
BP, respectively (Figure 3). Pelecypods (C1 and C3),
gastropods (C4) and worm tubes (C2) are observed in
the silty muddy matrix at different locations of these
sub-layers (Figure 3).

The location of core St-5 on seismic reflection
Line-44 is shown in figure 2. This core location is
selected for sampling the oldest Holocene sediments
(Layer-D) which are deposited over the acoustic
basement (AB; Oligocene-U. Eocene) of the northern
Marmara shelf. Layer-D, which is dated as 9575 +
115 Cal yr BP, is deposited over the erosional surface
(U1) of the acoustic basement (AB) and composed of
washed rounded gravel-sized terrigenic and biogenic
grains without matrix in cores St-3 and St-5 (Figures
2 and 3). The presence of the same kinds of sediments
and interpretation of their depositional patterns in
Izmit Bay (eastern Marmara Sea) were previously
discussed by Polonia et al. (2004).

During the deposition of the sediments along the
northeastern shelf of the Marmara Sea, sedimentation
rates ranged from 0.02 m/kyr to 0.34 m/kyr. The high
sedimentation rates are representative of the areas
where the water from the coastal rivers (with highly
suspended sediments during the flood time) enter into
the Marmara Sea and the suspended sediments are
rapidly flocculated and then deposited on sea floor
during the Holocene.

Bivalve, gastropod and Lithothamnium oxygen
isotope and pore water salinity values are plotted on
the oxygen isotope ratio-salinity diagram of Rank et
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al. (1999) in figure 10. Pore water data plot close to the
oxygen isotope-salinity line, with two samples each
located in the Marmara Sea and the Black Sea sectors.
However, a gradual increase of salinity with time are
not completely conformable with bivalve, gastropod
and Lithothamnium ages. This discrepancy may be due
to the “vital” effects on the oxygen isotope composition
of bivalve, gastropod and Lithothamnium caused by
growth rate, size and age (Wefer and Berger, 1981).
Despite this discrepancy, the bivalve, gastropod and
Lithothamnium data suggest that the transition from
brackish water conditions to the present day marine
conditions in the Marmara Sea took place sometime
between 5400 and 3800 Cal yr BP.

oo
35 ’
o5
st
Sl
o ,O'
30 St-5a 20 &
@ o
+ .
| sz 00
i 1925115 _ o
= 25 & @ ’015 ©
=3
B g8
z o
= A
= St5b a4 &
& 209 9575115 @, a P\
R i" = é,?' '\éo\
’ & ea*
£ &
. & N
15 o
’
,
’
-,
A ¥=3.69x+28.97
d .
11 - “ =098
St-6 5440+ 140 |
. T L} L] T L} T T
=4 -4 3 2 -1 0 1 2
18 16
Oxygen Isotops Ratio (O / O)

Figure 10- Relationship between salinity (%o) and the Oxygen
Isotops Ratio (**0/'°O) in the Marmara Sea, Black Sea
(adapted from Rank et al., 1999) and along the cores.

4. Discussion

In this section, we discuss the ages of the terraces
(T1, T2, T3) and the water exchanges between the
Mediterranean, the Marmara Sea and the Black
Sea, based on the high-resolution shallow seismic
reflection profiles, sediment cores and post-glacial
sea-level curves (Figures 3, 8 and 11).

It is generally accepted that the minimum sill
depths of the bedrocks in the Canakkale and Istanbul
Straits have controlled the connections between the
Aegean Sea, Marmara Sea and Black Sea (e.g., Eris

et al.,, 2008, Cagatay et al., 2009, Gokasan et al.,
2010). Previous studies suggest that the Canakkale
(Yaltirak et al., 2002) and Istanbul Straits and shelf of
the Marmara Sea were exposed during the LGM, with
fluvial erosion lowering the depths of the straits (Eris
et al., 2007, 2008; McHugh et al., 2007; Cagatay et
al., 2009; Gokasan et al., 2010) and shelf areas. Sea-
level fluctuations in the Aegean Sea, Marmara Sea
and Black Sea were associated with the global climate
and sea level change, size of the drainage basins and
depth of the straits. Sea-level started to rise, during the
post-glacial warm and wet periods (WWP) after the
last glacial maximum (LGM), which took place after
22 Cal kyr BP (Gornitz, 2009) (Figure 11). Before the
beginning of the late glacial period, Aegean Sea level
stood at -120 m, Marmara Sea level around -105 m
and the Black Sea level between -60 m and -90m (Eris
etal., 2011).

In today’s climatic and oceanographic conditions
of the Aegean, Marmara and Black Seas, the only
relatively semi-enclosed Black Sea has positive
freshwater balance because of the high ratio of
drainage to surface area (D/S) of the Black Sea (4 times
greater than Marmara Sea and 2 times greater than the
Mediterranean Sea). This provides the Marmara Sea
and Aegean Sea with a Black Sea outflow through the
Istanbul and Canakkale straits. A one-way outflow
from the Black Sea most likely operated during the
late glacial due to the glacier melt waters. Such a
continuous Black Sea outflow hypothesis during the
late glacial and early Holocene is supported by our
study as well as by some previous studies (Degens and
Ross 1974; Lane-Serff et al. 1997; Aksu et al., 2002c;
Hiscott et al., 2002). However, some other researchers
have argued an evaporative drawdown of the Black
Sea level during the late-glacial period (Ryan et al.,
1997; Ballard et al., 2000).

As a result, there is no consensus among the
scientists about the timing of the water connections
between the Aegean Sea and Black Sea during the post
glacial period. The water-level would have changed
at different rates in different basins, depending on
the climate, latitude of the basin, the values of D/S
ratio and the connection with the local basins. The
first sea-level rise period started after the LGM (22
Cal kyr BP) during the late glacial (Figures 11 and 12
A). The level of the Black Sea reached the minimum
depth of Istanbul Strait (around -30m; Major et al.,
2006) between the 13.7-22 Cal kyr BP (Figures 11 and
12 B), which could have then started a one-way flow
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into the Marmara Sea along the Istanbul Strait (Figure
12 B). At the end of this one-way flow regime from
Black Sea to Marmara Sea, Marmara Sea should have
filled with fresh Black Sea water to the sill depth of
the Canakkale Strait during the first WWP (Figure 12
B). This one way flow regime should have continued
until the global sea level in the Aegean Sea reached
to the sill depth of Canakkale Strait (Figure 12 C and
D). Afterwards, the Marmara Sea level would rise in
tandem with global sea level (Figure 12 D).

First terrace of the Marmara Sea (T1) was formed
by truncation of the Marmara Sea shelf by the wave
and current action at the sill depth of Canakkale Strait
(i.e., at -79 £ 1 m) around 13.7 Cal kyr BP when the
Marmara Sea was fresh-brackish water lake during
the time interval for establishing the first two way
connection between Aegean Sea and Marmara Sea
(Figures 8, 11 and 12 E). It was the result that the
depth of the T1 terrace was controlled by the depth
of the Canakkale Strait. However, when the previous
studies were examined, it was observed that the depth
of the Canakkale Strait varied between -65 m and -85
m (Smith et al., 1995; Ryan et al., 1997; Hiscott et al.,
2002, 2008; Yaltirak et al., 2002; Aksu et al., 2002c;
Polonia et al., 2004; Major et al., 2006; Gokasan et al.,
2008; Eris et al., 2007, 2008; McHugh et al., 2008;
Cagatay et al., 2000, 2003, 2009). It has been reported
by Cagatay et al. (2000) that the Marmara basin
was last inundated by Aegean waters around 12 Cal
kyr BP. Areal distribution of the T1 along the slope
of the region are given in figure (13 A). Despite the
suggestion of Ryan et al. (2003) and Ryan (2007) that
the amount of evaporation in the Black Sea kept the
water level below the sill of Istanbul Strait during that
time, we advocate that the waters produced by glaciers
melting during the warm period kept the Black Sea
level around the sill depth of Istanbul Strait during the
late glacial period.

Truncation of the terrace T1 was completed along
the northern Marmara shelf and the two-way flow
regime established between the Aegean Sea and the
Marmara Sea after 13.7 Cal kyr BP (Figures 12 E).
Subsequently, the density stratification and suboxic
to anoxic bottom conditions gradually established in
the Marmara Sea after the Aegean Sea (Mediterranean
Sea) connection. These conditions led deposition the
sapropel and sapropelic layers dated as ~12-7 and
5-3 Cal kyr BP in the Marmara Sea cores (Cagatay et
al., 1999; 2000, 2009, 2015; Tolun et al., 2002; Aksu
et al., 2002¢ and 2008). The cold and dry period of

Younger Dryas (YD) was period of sea level still stand
(Fairbanks, 1989), that resulted in slow down of the
unidirectional flow from Black Sea to Marmara Sea
and the bidirectional flow from Aegean Sea to Marmara
Sea (Figure 11; 12F) (Lane-Serff et al., 1997). The
Marmara Sea level during the YD, in tandem with
global sea level, was around -60 m according to the
global sea level curves. This was the period when
the second terrace (T2) was truncated at around -60
+ 2 m by strong current and wave action (Figures 11,
12 F). Throughout this period, the Black Sea water
must have been fresh and that of the Marmara Sea
partially brackish. This second terrace at -60 + 2 m
water depth is statistically the most significant and
morphologically the most common of all the terraces
along the northern Marmara shelf (Figures 8, 11). The
depth of the Marmara Sea terrace (T2) was claimed
to be around -65 m in previous studies (in Newman,
2003; Polonia et al., 2004; Eris et al., 2007, 2008;
McHugh et al., 2008; Cagatay et al., 2003, 2009).
The areal distribution of terrace T2 and the presence
of a paleo-lagoon along the northern shelf is shown
in figure (13 B). Paleo-lagoon and some coastal lakes
probably had been filled with the melt fresh waters
at the end of this period. Also, bioherms probably
developed over the unconformity surfaces (Ul)
around the western side of the Marmara Sea-Istanbul
Strait junction (Figure 6). The YD age of terrace T2 is
supported by radiocarbon dating of a broad wave-cut
terrace in the Princes’ Islands shelf (Eris et al., 2010).

Some researchers have proposed a gradual
connection between the Marmara Sea and Black Sea
(e.g., Aksu et al., 20024, b; Hiscott et al., 2002, 2007),
whereas others have suggested an abrupt connection
(Ryan et al., 1997, 2003; Major et al., 2002, 2006;
Myers et al., 2003; Siddall et al., 2003). During the
carly Holocene warm and wet period (~11.7-9.3
Cal kyr BP) after the Younger Dryas, the sea-level
gradually rose to the level of the Istanbul Strait’s sill
and the first Mediterranean transgression of the Black
Sea took place at around 9.3 Cal kyr BP (Major et al.,
2002; Ryan, 2007). A two-way flow connection was
established between the Aegean Sea and Marmara Sea
via the Canakkale Strait during this WWP (Figures
12 G and H). Terrace T3 corresponds to the Istanbul
Strait’s sill depth and was most likely controlled by
a short sea level still stand around 9.3 Cal kyr BP
(Figures 12 H, 13). However, when the previous
studies were examined, it was observed that the depth
of the Istanbul Strait varied between -35 m and -45
m (Fairbanks, 1989; Goriir et al., 2001; Hiscott et al.,
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2002; Yaltirak et al., 2002; Aksu et al., 2002a; Major et
al., 2006; McHugh et al., 2008; Eris et al., 2007, 2008;
Cagatay et al., 2000, 2003, 2009). Areal distribution
of the T3 along the shelf of the region are given in
figure (13 C).This still stand may have been due to
hydraulic conditions between the initially opposing
flows of Mediterranean and Black Sea waters and/or
climatic causes.

The present day two-way flow system along the
straits and anoxic Black Sea bottom conditions were
established after 9.3 Cal kyr BP (Figure 12I). Present
day geometry of the coastal zone has been shaped
after about 6 Cal kyr BP when the sea-level stabilized
near the present sea level (Figures 11 and 13 D).

5. Conclusions

By using high resolution shallow seismic reflection
data and applying basic seismic stratigraphic
techniques, three distinct main boundary reflector
surfaces (R1, R2 and R3) and two unconformity
surfaces (Ul and U2) were identified among the five
sedimentary seismic units (S1-S5) over the acoustic
basement (AB).

Four different chronostratigraphic sedimentary
layers (A, B, C and D; younger than 9575 + 115 Cal
yr BP) have been distinguished over the acoustic
basement (AB) in the Northern Shelf of the Marmara
Sea. Total thickness of the Late Quaternary deposits
reaches up to 30 m in the eastern depression of the
shelf and Biiyiikgekmece Bay. The central part of the
shelf is not completely devoid of sediment, but most
of the deposits are less than 2 m thick. Sedimentation
rates on the northeastern shelf of the Marmara Sea
range from 0.05 m/kyr to 0.34 m/kyr. The distribution
of acoustic basement depth values on the density bar-
graph shows the presence of three basic terraces (T1,
T2 and T3) at depths of -79 £ 1, -60 + 2 and -30 + 2
respectively.

The Black Sea level should have gradually
increased since the last glacial maximum and one-
way flow regime from Black Sea to Marmara Sea
should have been established after filling of Black
Sea basin due to higher water inputs during the late
glacial melt water events. With the Black Sea outflow,
the Marmara Sea water level reached the depth of the
Canakkale Strait and established a one-way outflow
from Marmara Sea to Aegean Sea (13.7 Cal kyr BP).

The one-way flow from Marmara Sea to Aegean Sea
continued until the global sea level reached the depth
of Canakkale Strait around 13.7 Cal kyr BP. The depth
of the Marmara Sea level stabilized at the sill depth
of Canakkale Strait that controlled the formation of
the T1 terrace (at -79 + 1 m) by wave and current
truncation under lacustrine conditions of the Marmara
Sea. Subsequent to the marine connection at 13.7 Cal
kyr BP, water stratification and anoxic sea bottom
conditions were established during this transgressive
period.

The overflow from the Black Sea to Marmara Sea
was probably gradually stopped and two way flow
regime degenerated between the Aegean Sea and
Marmara Sea around the 12.3 Cal kyr BP during the
Younger Dryas (Fairbanks, 1989) at the end of the first
warm and wet period. During the Younger Dryas, the
second terrace (T2) might have been truncated around
-60 £ 2m depth intervals by strong coastal erosion
and sediment reworking processes by the currents and
waves during the cold and dry period (Younger Dryas).
Throughout this period, the Black Sea water must
have been fresh and that of the Marmara Sea partially
brackish. Paleo-lagoon and some coastal lakes were
developed and filled with the fresh melt waters at the
end of this period. Also, bioherms developed over the
unconformity surfaces (Ul) around the western side
of the Marmara Sea-Istanbul Strait junction.

At the end of the Younger Dryas, the sea-level
started to rise gradually in the Aegean Sea and Marmara
Sea and the two-way flow regime between Aegean
Sea and Marmara Sea and one-way flow regime
from Black Sea to Marmara Sea were established.
Overflow probably gradually stopped from the Black
Sea to Marmara Sea and the two-way flow regime re-
established between the Aegean Sea and Marmara Sea
after the 9.3 Cal kyr BP as a result of the beginning of
the second cold and dry period. The sea-level reached
-30+2 m (sill depth of the Istanbul Strait) around 9.3
Cal kyr BP when the T3 terrace of the Marmara Sea
was formed by wave and current truncation.

The present day two-way flow system along the
straits and anoxic Black Sea bottom conditions were
established after 9.3 Cal kyr BP. Present day geometry
of the coastal zone has been shaped after about 6 Cal
kyr BP when the sea-level stabilized near the present
sea level.
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