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Abstract

The main purpose of this study is to investigate the North Anatolian Fault (NAF) entrance
into Izmit Bay. Upper Quaternary submarine features (gas seeps, gas bearing sediments,
pockmarks, mud volcanos, sediment structures and faults) and alongation of the NAF from
land to Izmit Bay are investigated by using water depth data, high-resolution shallow
seismic profiles, side scan sonar images, and borehole logs. The presence of acoustic
anomalies in the Late Quaternary sequences was observed intensely and these anomalies
were interpreted as gas bearing sediments. As a result of earthquakes and / or mass
movements, the amount of buried gas accumulated along the sediment column may have
increased or displaced. In this study, five different gas bearing layers are classified and
their distribution patterns are mapped. It has been determined that the active faults in the
region that shaped the coastal zone and sea floor morphology of the izmit Bay are in two
different groups. The first group consists of right-lateral strike-slip faults that run along
the north and south slopes of the east depression and are in the east-west direction. The
secondary group of faults have normal fault characteristics. These secondary faults are
parallel to the depth contour lines of the deltas.
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Introduction

Izmit Bay is located in the east of the Marmara Sea and comprises three basins:
the western, central and eastern basins (Figure 1). Basins are separated by two
shallow sills located to the north of Hersek Peninsula (54m depth) and north of
Golciik (33m depth). The study area is located at the eastern end of izmit Bay.
High resolution shallow depth sounding records, seismic profiles, side scan sonar
(SSS) images and sea bottom drilling cores were obtained along the eastern edge
of the bay. The use of intensive and diverse geological and geophysical data has
increased the sensitivity and importance of this work.
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Figure 1. Map showing the location of the study area at the easternmost corner of Izmit
Bay (Fault lines are simplified from Okay et al. 2000)

Over the last two decades plenty of seismic reflection surveys have been carried
out in Izmit Bay. These surveys have provided the basis for detailed information
about the stratigraphy and structure of the bay. Considering the importance of the
study area to the country's economy, industry and maritime transport, it reveals
the importance of knowing the geological and sedimentary characteristics of the
bay in detail. The knowledge accumulation in this direction will contribute to the
efforts to reduce the pressure of natural disasters on both the economy and social
life.

Up to now, research on the eastern corner of the bay related to the North Anatolian
Fault (NAF) do not cover the critical transition zone between the land and sea.
The most important characteristic of this study is that the sea side of the
transitional zone between land and sea was studied in detail. Thus, it is considered
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that the results of our work will provide important contributions to the research
to be done on the extension of the NAF into Izmit Bay and its extension to the
Marmara Sea from the Bay. In addition, the present work contains detailed
findings about the sea bottom structures and the gas bearing sedimentary layers.
In this article, the structures of the sediment layers in the eastern corner of Izmit
Bay were investigated by using some previous studies and a set of new marine
data. This study mainly focuses on the eastern coastal region of the bay. The main
focus of this article is to investigate the seabed structures and presence of gas
bearing sedimentary unit in the area. As a result, the areal distributions of the
seabed structures and the entry points of the NAF to the bay were determined and
mapped by the integrated interpretation of all data.

Structural features

Izmit Bay is a narrow and elongated basin extending towards the east of Marmara
Sea under the structural control of the NAF (Figure 1). The northern branch of
the NAF enters the eastern Marmara Sea through izmit Bay. NAF is an active
right-lateral strike-slip fault in northern Anatolia which runs along the transform
boundary between the Eurasian and Anatolian plates (Ketin 1948). The fault
extends westward from a izmit Bay junction with the East Anatolian Fault (EAF)
at the Karliova Triple Junction (KTJ) in eastern Turkey, across northern Turkey,
into izmit Bay, Marmara Sea and Aegean Sea, respectively (Ketin 1969; Sengdr
et al. 1985; Saroglu 1988; Barka 1992). NAF split into two branches in the
Marmara Region and this region acts as a transition zone between strike slip
behavior of NAF and N-S extensional regime of western Anatolia (Giirer et al.
2003). The entrance of the northernmost branch of NAF to the Marmara Sea is at
the southern side of izmit Bay (Sengér 1979; Sengor et al. 1985; Barka 1992;
Saroglu et al. 1992). This branch plays an important role in the structural
formation of the bay. The sea bottom morphology of the bay was influenced by
the neotectonic period movements affecting the morphology of the entire
Anatolian plate. The controlling factor of the neo-tectonic movements in the
region is formed by the influence of the NAF (Turoglu 1998).

Numerous structural and sedimentological marine studies had been carried out in
Izmit Bay prior to the 1999 izmit earthquake. Geological and sedimentological
characteristics of the region were investigated and mapped before the earthquake
(Ozhan et al. 1985; Ozhan 1986; Kavuk¢u 1990; Bargu and Yiiksel 1993; Akgiin
and Ergiin 1995; Koral and Oncel 1995; Barka and Kuscu 1996; Barka and and
Reilinger 1997; Ozhan and Bayrak 1998, and Sendz 1998) (Figure 2). Although
pre-earthquake surveys were performed as part of the Marmara Sea geology, the
post-earthquake activity is mainly concentrated in the bay.
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Figure 2. Structural maps produced as a result of previous researches in and around

Izmit Bay. These maps were compiled from Okyar et al. (2008).

After the 1999 Izmit earthquake, various geological,

geophysical

and

oceanographic studies were carried out in Izmit Bay and very detailed data were
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collected (Alpar and Giineysu 1999; Sengor et al. 1999; Alpar and Yaltirak 1999,
2000 and 2002; Gokasan et al. 2001; Kuscu et al. 2002; Okyar 2003; Cormier et
al. 2006; Okyar et al. 2008; Kurt and Yiicesoy 2009) (Figure 2). However, when
these maps are examined carefully, it is clear that none of them concentrates
especially on the eastern end of the bay and does not cover this zone.

Morphology

The length of the bay is approximately 35 km and the width varies between 1.5km
(Derince - Golciik) and 10 km (Hereke-Karamiirsel). izmit Bay is divided into
western, central, and eastern three basins, considering the coastal structure and
fault-controlled depressions (Giineysu 1999). The deepest point of the central
basin is about 200 m (Okyar et al. 2008). Southern coastal zone of each of the
three basins is steeper and narrower than the northern coastal zone. Partially
narrow and shallow passages between these three basins and the NAF controlled
depressions in southern regions are observed. Deep-basins near the southern
shore were developed due to the seismic activity in Pliocene (Ergin and Yoriik
1990). Tectono structural framework effects sediment erosion, transportation,
deposition and gas removal are the geomorphological processes that shape the sea
floor morphology of izmit Bay (Ergin and Yériik 1990).

Sedimentology

Geological and geomorphological evolution of western, central and eastern
basins, which are connected directly to each other through narrow passages and
show little sedimentological difference. Detailed results about the characteristics
of the sediment deposition along the coastal (Giineysu 1999) and marine (Okyar
et al. 2008) areas of izmit Bay have been given in previous studies.

The sediment thickness distribution in the bay show regional differences
depending on the location of the coastal rivers, seabed erosion/deposition
mechanism, and the sea bottom morphology (Figure 1). Okyar et al. (2008)
concluded that the highest values of sediment thicknesses in the central and
eastern basins were associated with fault lines passing through the area. In the
middle part of the eastern basin, the average thickness of the Holocene sediments
reaches 15 m. On the other hand, in the eastern part of the basin where the study
area is located, the sediment thickness varies between 20m and 25m (Okyar et al.
2008).

According to Ergin and Yorikk (1990), the middle and southern regions are
dominated by silty sediments. Whereas, in the northern part where the industrial
and settlement areas are intense, clay-sized material is predominant in the sea
bottom. Geochemical analysis of the surface sediments of the eastern basin
indicates that the organic carbon and calcium carbonate percentages decrease
from the north where the housing and industrial settlements are intense to the
south (Ergin and Yoriik 1990).
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Materials and Methods

Marine geological and geophysical data used in this study were collected by using
DIPTAR shallow water research platform of R/V TUBITAK Marmara. Shallow
seismic and SSS data were collected by using combined Edgetech 2000-DS
system. Frequency range of source wavelet was chosen between the ranges of 2
kHz to 12 kHz after source test studies at the survey area. Images were collected
(at 400 kHz sampling frequency) to cover areas of 80 m to the right and left sides
of each SSS line. SSS studies were carried out in the north-south direction and at
a distance of 75 m between the lines (50% coverage) (Figure 3). Leica GS-14
dual frequency geodetic GPS receiver was used during the acquisition of all
marine data (the positional accuracy is about + 2.5cm in the horizontal plane).

From the research area, 121 sub bottom seismic profiles, 46 continuous SSS
images, simultaneous multibeam depth data along all lines and 6 different core
samples were collected (Figure 3). All these raw data were processed, examined,
interpreted and mapped.
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Figure 3. Track line of the high resolution seismic profiles (red and blue lines), SSS
coverage area (yellow) and core locations (DSK 1-6) (at left). SSS mozaic images,
coastal deltas (D1, D2, D3 and D4) and terraces (1 and 2) with depth contours (at right).

Standard methods discussed by Mitchum et al. (1977), Sangree and Widmier
(1977, 1979), Vail et al. (1977) and Brown and Fisher (1979) were followed
during the interpretation of seismic reflection data and the definition of reflection
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characteristics of the bottom. Depth conversions from time sections were made
using a sound velocity of 1500m/s for water and 1700m/s for sediments (Ediger
and Ergin 1995).

When the density and coverage of the data obtained in this study are taken into
consideration, it is understood that this research is the most extensive research in
the eastern part of [zmit Bay.

Result and Discussion

Sea bottom morphology, deltas and terraces

Sea bottom morphology of the study area was investigated by using the
bathymetric data and SSS images (Figure 3). Eastern depression of izmit Bay is
one of the basic sea bottom morphological features of the studied area. This
depression has an asymmetry along the east-west axis of the eastern basin as well
as different slopes on the northern and southern sides. Although the southern
slopes of this depression have a steep morphological feature due to southern
branch of the NAF, the northern slopes have a less sloping morphological
structure due to the high sedimentation (Ozhan et al. 1985; Ergin and Yériik
1990).

The average sedimentation rate in the area was calculated as 20cm/1000 year with
a maximum of 150cm/1000 year for the deepest parts (Ergin and Y 6ritk 1990).
The Plio-Quaternary deposits are 25-30m thick and overlay the acoustic basement
(Ozhan et al. 1985). Due to the high sedimentation originating from the eastern
coastal rivers, the eastern shelf of the study area was relatively shallow and wide
(Figure 3). Deltaic fans developed in front of the eastern rivers where the currents
and waves are weak and sedimentation is high (Alpar and Giineysu 1999).
Bathymetric and SSS maps show that four different shapes of deltas were
developed in the continental shelf and extended from the present coast to the
westward (Figure 3). The places where rivers reach the sea, the amount of
sediment loads of rivers and sea level changes due to global climate changes are
the main factors affecting the shape and coverage areas of deltas.

SSS mosaic map shows two distinct post-glacial marine terraces at -9+1m and -
19+1m depth of sea water (Figure 3). Based on previous studies related to the sea
level change of the Marmara Sea, it is assumed that these marine terraces are
probably younger than 8,500 years BP (Ediger et al. 2018).

Seismic interpretation and evidence of shallow gas

An extensive area, which is characterized by poor seismic reflection pattern and
low seismic penetration, was revealed as a result of very high resolution reflection
seismic surveys on the eastern corner of izmit Bay (Figure 4). It was most likely
resulted from scattering of the acoustic energy by interstitial gas in the sediment
(Schubel 1974). In general, some morphological structures of the seabed may be
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indicative of gas removals from the seabed. The presence of pockmarks and mud
volcanoes in the study area gave the impression that these morphological
structures were formed by the effect of gas exits along the fault line and along the
local cracks. In general, gases that are thought to rise towards the seabed within
the porous deltaic units appear to be trapped beneath the low porous cover units
and parallel to the boundary line of these units (Figures 4 and 5). Nevertheless,
more quantitative studies in which acoustic properties of gas bearing sediments
were examined based on seismic investigations are very rare in this studied area.
Indicators considered to be related to gas in seismic profiles were acoustic
turbidity and blanking, phase reversal and strong multiple reflections (Figure 4).
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Figure 4. The internal structure of the acoustic basement and the Late Quaternary
sediments deposited on it, observed in the deepest part of the seismic reflection profiles
107 and 126 (see Figure 3 for location).

Gas-free layers (1), Gas in deeper layers (2), Gas in shallow layers (3), Gas in the bottom and
between the layers of the top set deltaic deposits (4), Pockmark (5) and embedded pockmark (6),
mud volcano (7), acoustic basement and multiples.

Acoustic turbidity, which is defined as diffuse and chaotic seismic energy
covering almost all deep reflections, is the most prominent gas-related anomaly
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observed on the seismic profiles. However, the presence of a hard sediment layer
can also produce a similar strong reflection. While the existence of such layers in
the study area has not yet been reported, their existence should not be completely
ignored. The depth of the gas bearing layers depends on the lithology of the
sediments (a higher permeability may allow the gas to migrate upward more
freely) and the amount of gas trapped in (Figure 5). Determining the accurate
thickness of the gas bearing layers using seismic profiles is quite difficult due to
the masking effect. Therefore, the depths where the gas bearing layers were
observed from the seabed in the sediment column were calculated and mapped
(Figure 4).
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Figure 5. Logs belonging to six different drills carried out in this study.
Throughout the cores, grain size analyses were performed and sediments were classified. In
addition, the scented sediment units are shown in these logs.
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Origin and areal distribution of gas

Seismic data showed the presence of gas charged sediments at different layers
and depths along the seafloor (Figure 4). The accumulation of gas in the layers
may be due to differences in the gas bearing properties of these smelly sediments
(Figure 5). It is thought that as a result of the high pressure resulting from
high sedimentation and regional tectonic movements, the gases may have
concentrated in the sediments close to the surface and formed pock marks
(Yun et al. 1999). It is thought that the migration pathways that allow gases
to concentrate in sediments may be along stratigraphic layers (Orange et al.
2002), along weak zones resulting from faults, and within porous sediments
(Judd and Sim 1998).
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Figure 6. Distribution of gas bearing sedimentary layers mapped by using their
stratigraphic locations and areal distributions
1: Gas-free layers, 2: Gas in deeper layers, 3: Gas in shallow layers, 4: Gas in the bottom and
between the layers of the top set deltaic deposits, 5: Gaseous fields reaching the sea floor, 6:
Pockmarks, 7: Rock outcrop and 8: Mud volcano.
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On 17 August 1999, a major earthquake of My, 7.4, whose epicentre was located
near the pockmark field, appears that has probably activated the pockmarks and
mud volcano (Kuscu et al. 2005). As a result of the interpretation of the seismic
sections, an active pockmark area extending in the E-W direction in the study area
was identified and mapped (Figure 6).

Origin and distribution of gas in shallow marine sediments has probably two
principal potential sources: (1) biogenic gas produced by bacterial degradation of
organic matter at low temperatures, and (2) thermogenic gas produced by high-
temperature degradation and cracking of organic compounds at considerable
burial depths (Schoell 1988). Gases detected at different levels and characteristics
within the Holocene sediments (Kvenvolden et al. 1981; Okyar and Ediger 1999).
Anthropogenic (industrial and domestic) materials originating from the intensive
settlement areas along the northern coast contain organic matter in high
concentrations (Yasar et al. 2001; Tolun et al. 2012). Thus, the high source of
organic matter in surface sediments is likely to be anthropogenic (Figure 6). In
addition, a high organic productivity in the Marmara Sea during the Quaternary,
a high inflow of terrigenous organic carbon by many coastal rivers in combination
with a good preservation of organic matter due to hydrogen sulphite saturation of
the water column may have resulted in the generation of considerable amounts of
biogenic gas in shallow subsurface sediments (Figure 4).

The geology and morphology of the study area shows some possible deep
thermogenic sources of gas along the NAF zone and organically rich shallow
biogenic sources of gas along the other part of the survey area. It was found that
the clay dominant levels of cores DSK-5 and DSK-6 drilled in the regions close
to the coastal areas (Figures 3 and 5) had a bad smell. Organic materials in the
water column are stored together on the seabed during the rapid sedimentation of
mud dominated sediments. Therefore, it is thought that biogenic gases are the
cause of the smell of the sediments. However, the main origin of the gas observed
at different levels was associated with the presence of Late Pleistocene - Early
Holocene aged peat bearing layers observed in the drilling cores (Figure 5).

As shown in the seismic sections, different levels of gas bearing sediments
observed in different sediment layers (Figure 4) may be indicative of large-scale
organic carbon deposition in the basin (Okyar and Ediger 1999). The gas bearing
areas are classified according to the depth at which the gas is observed in the
sediment layers. Thus, gas bearing layers were identified, classified and mapped
under five different categories (Figure 6). In the northern and southern corners,
the areas where the gases reach the uppermost sediment layers were identified
and called as Area 5 (Figure 6). In Area 4, gas bearing sedimentary units were
observed between the deltaic strata near the coastal zone (Figure 6). The areas
where the gas bearing layers were observed deeper than the surface are called
Area 3, the relatively deeper gas bearing areas are called Area 2 and the non-gas
bearing areas are called as Area 1 (Figures 4 and 6). In addition, mud volcanoes
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and pock marks which may have been caused by sudden and intense gas leakage
during fault activations in the south of the bay were observed and mapped
(Figures 4 and 6).

The boundaries of these areas probably bounded by regional faults, gas quantities
and / or different sediment characteristics (grain size and porosity). On the map,
when the depths of the gas bearing layers from the seabed were examined, it was
seen that there was relative deepening from the north to south and east to west of
the basin (Figure 6). Mud volcanoes (Area 8), rocky hills (Area 7) and pits (Area
6) were other basic features of the basin (Figure 6).

Faults and E-W extension of the NAF

The NAF, which crosses the eastern basin in the east-west direction and located
to the south of the basin, played an important role in shaping the morphology of
the eastern basin. The basin therefore had an elliptical and asymmetrical shape
(max. depth -42m). The basement structures of the area were mapped by
interpreting the shallow seismic sections collected from the region (Figure 7).
When the structural features of the seabed of the research area were examined,
the presence of two main fault groups was determined. Normal faults to the north
of the southern basin were classified as normal faults group and strike-slip deep
faults to the south were classified as NAF group. (Figures 7 and 8).
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Figure 7. Sequential display of seismic sections (lines) extending in the north-south
direction. Faults, pockmarks, deltas and their correlations are presented.

The presence of gas in pock marks (some buried) and along the sediment columns
on the sea floor is probably controlled by small-scale normal faults along the delta
slopes. Generally, the presence of these faults in delta slopes is a result of high
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sedimentation rates and submarine landslides (Katz et al. 2015). The presence of
gases in fine-grained unconsolidated deltaic sediments may have led to increased
pore pressure, reduced shear resistance, and ultimately to the formation of normal
fault group (Figure 8). It was observed that these faults generally extend parallel
to the depth contours of the deltas (Figure 8).
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Figure 8. The sea bottom structural features and their areal distributions obtained by this
and some previous studies
1: Gaseous area (Kuseu et al. 2002 and 2005), 2: Pockmarks (Kuscu et al. 2002 and 2005), 3: Faults
(Kuscu et al. 2002 and 2005). 4: Mud volcanos, 5: Rocky outcrop, 6: Pockmark channels,
7: Pockmarks, 8: NAF extentions (strike-slip faults, NAF group), 9: Active recent normal faults
(normal faults group), 10: Topset delta (partially gaseus area), 11: Gaseous area (near surface),
12: Probable elongation of faults (two sectors of NAF).

In general, scientific research conducted before the 1999 earthquake (Figure 1)
did not cover the eastern basin of the bay (Figure 2) (Ozhan et al. 1985; Kavukcu
1990; Bargu and Yiiksel 1993; Barka and Kusgu 1996). On the other hand, the
fact that the 1999 earthquake epicenter was close to the eastern basin of the gulf
increased the number of scientific studies in this basin (Sengdr et al. 1999;
Gokasan et al. 2001; Alpar and Yaltirak 2002; Kusgu et al. 2002). However, the
results obtained from previous studies performed after the 1999 earthquake did
not cover the area where the NAF entered the bay. After this study, the most
eastern parts of the NAF's entry into izmit Bay were investigated in detail and the
results were complementary to the previous studies.
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The second group of strike-slip deep faults were examined under two branches as
southern and northern faults. NAF was divided into two parts before entering the
bay. It was determined that first branch of the fault followed the southern slope
edge and the second branch of the fault followed the northern slope edge of the
eastern depression of izmit Bay.

The southern branch of the second group of fault was clearly identified by the
localities of the mud volcanoes and slip surface of fault observed in rocky area
(Figures 7 and 8). As a result of our studies and in some previous studies it was
found that the fault extends parallel to the southern boundary of the depression
(Sengor et al. 1999; Gokasan et al. 2001) along the east-west direction. The
northern branch of the NAF is interpreted by correlating the E-W extension of the
normal fault group in the seismic sections (Figure 7) and the horizontal
boundaries of the gas bearing structures (pock mark). The NAF's northern
entrance to the bay, which we have obtained as a result of this study, has been
mentioned in some previous studies (Gokasan et al. 2001; Alpar and Yaltirak,
2002; Kusgu et al. 2002).

Thus, the pockmark and the normal fault sequences forming the northern slopes
of the eastern basin determined the northern branch of the NAF, and the strike-
slip faults forming the southern slopes of the basin determined the southern
branch of the NAF (Figure 8). Main NAF zone, which is to extend approximately
along the E-W direction along Izmit Bay, is an active, right-lateral strike-slip fault
with normal component.

As a result of this research, which is a pioneering study for the region, the entry
zone of the NAF to the bay has been investigated in detail as much as possible.
Thus, the most eastern part of the bay, which has not been studied in detail until
now, has been investigated and the extension of the NAF from land to the bay
have been identified.

Although this study was a pioneering study for the region, there were some
important constrains arising from the shallow morphology of the research area. It
is a fact that the integration of the results obtained from the previous researches
with the results of the current study may contribute to the interpretation of some
unknowns about the region. Until now, sufficiently high quality seismic refraction
profiles from the eastern basin have not been obtained due to the shallow water
depth. As the eastern basin is shallow, it limits the mobility of research vessels
and makes it difficult to control the hydrophone and sparker systems. Therefore,
in this study seismic reflection data were collected instead of seismic refraction
data.

The most important deficiency in this region is that a reliable connection has not

been established in previous studies between the NAF zones detected on land and
those detected in marine environment. Therefore, for future land studies, it is
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recommended to perform a seismic refraction survey along the north-south
direction on land between Izmit Bay and Sapanca Lake (Figure 1). Thus, as a
result of this proposed study and the present study, the entrance zone of the NAF
from the land to 1zmit Bay will be studied and the uncertainty on this issue will
be cleared.
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Izmit Korfezi dogusunun deniz tabam o6zellikleri ve
Kuzey Anadolu Faymnin Marmara Denizi'ne kuzeydogu
giris zonu

0z

Bu ¢alismanin temel amaci, izmit Kérfezi'ne Kuzeye Anadolu Fayr (KAF)'min girisini
incelemektir. Ust Kuvaterner denizalt: 6zellikleri (gaz sizintilari, gaz igeren ¢okeltiler,
pokmaklar, camur volkanlari, tortu yapilar1 ve faylar) ve KAF ‘in karadan Izmit Kérfezi'ne
kadar olan uzanimi su derinlik verileri, yliksek ¢oziiniirliiklii s1g sismik profilleri, yandan
taramali sonar goriintiilleri ve sondaj gilinliikleri kullanilarak incelenmesidir. Geg-
Kuvaterner ¢okelleri igerisinde akustik anomalilerin varligi yogun bir sekilde gdzlenmis
ve bu anomaliler gaz ihtiva eden sedimanlar olarak yorumlanmistir. Depremler ve/veya
kiitle hareketlerinin bir sonucu olarak, tortular boyunca biriken gémiilii gaz miktari artmig
veya yer degistirmis olabilecegi diisiiniilmektedir. Bu ¢aligmada, bes farkli gaz tasiyan
katman smiflandirilmis ve dagilim sekilleri haritalanmistir. izmit Kérfezi'nin kiy1 kusagimi
ve deniz tabani morfolojisini sekillendiren bolgedeki aktif faylarm iki farkli grupta oldugu
tespit edilmistir. Birinci grup dogu ¢ukurlugunun kuzey ve giiney yamaclar1 boyunca
uzanan ve dogu-bati dogrultusunda olan sag-yanal ve dogrultu atimhi faylardan
olusmaktadr. Tkincil faylar grubu ise, normal fay 6zelliklerine sahiptir. Bu ikincil faylar,
deltalarin derinlik kontur ¢izgilerine parallel olarak uzanmaktadir.

Anahtar kelimeler: Geg-Kuvaterner, s1g sismik, yandan taramali sonar, gaz igerikli
sedimanlar, pokmark, ¢camur volkani
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