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Abstract Potential tsunami waves were modelled on the
basis of the morphology and geological setting of a late
glacial submarine landslide localized in the north-eastern
sector of the Sea of Marmara, using a three-dimensional
algorithm with the purpose of assessing the future risk of
tsunamogenic landslides in the region. The landslide
occurred off the Tuzla Peninsula on the north-eastern slope
of the Cmarcik Basin, the easternmost of the three deep
Marmara basins. The mass movement appears to be related
to the Main Marmara Fault that passes below the toe of the
failed mass. Observations from earlier manned submersible
dives suggest that the initiation of the slide was facilitated
by secondary faults associated with the Hercynian orogeny
and involved Palaeozoic shales dipping southwards towards
the deep basin. Radiocarbon dating of core material,
together with the well-dated Marmara sapropel above the
chaotically mixed landslide surface, reveal that the latest
landslide event occurred about 17 '*C ka B.P. The
uppermost scar of the landslide is found at 250 m and its
toe at about 1,200 m below the present sea level. At the
time of the slide, the Marmara Sea Basin was lacustrine,
with its water level at =85 m. In plan view the landslide has
a distinctively triangular shape and the lateral extent of its
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toe is about 10 km. Multibeam bathymetric data indicate
that the sliding motion probably occurred in two phases: a
slower phase affecting the eastern part, characterized by an
undulating surface, and a more rapid phase affecting the
western part that possibly created tsunami waves. In the
seismic sections, older failed slide masses can be clearly
identified; these were probably displaced during marine
isotopic stage 6 (~127-160 ka B.r.). The front of this buried
material is located more than 1.5 km further south of the
fault. We used a three-dimensional, Green’s function-based
potential theory approach, rather than shallow-water equa-
tions commonly used in conventional tsunami simulations.
The solution algorithm is based on a source-sink formula-
tion and an integral equation. The results indicate that the
maximum height of the tsunami in the Cinarcik Basin could
have reached about half the average thickness of the sliding
mass over a lateral extent of 7 km. Assuming an average
thickness of 30 m for the landslide, and considering that the
water level at 17 ka B.p. was at about —85 m, the modelling
shows that the maximum wave height generated by the
slide would have been about 15-17 m.

Introduction

Since the catastrophic tsunami event of 2004, which killed
over a quarter of a million people along the shores of states
bordering the north-eastern Indian Ocean, tsunami risk
assessments and “tidal-wave” simulations have been given
high priority by many governments the world over. While
tsunami warning systems are well established in most states
bordering the Pacific Ocean where tsunami events occur
relatively frequently, such systems are lacking altogether in
regions where such catastrophes are so rare as to have
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escaped human memory. In this respect, the 2004 Indian
Ocean tsunami has taught mankind a sore lesson.

The simulation of tsunami waves, however, is wrought
with many difficulties. Thus, in the case of tsunamis
generated by submarine landslides, it is often difficult to
relate the observational data to the hydrodynamic phenom-
enon, even in contemporary times. The 1998 Papua New
Guinea tsunami, which killed more than 2,000 people, was
the first submarine landslide-generated tsunami for which
the seismological (and, later, marine geophysical) data were
of sufficiently good quality to enable researchers to
combine various aspects of the theory with data (Geist
2000; Okal and Synolakis 2001; Tappin et al. 2001). As a
fluid mechanical problem, submarine landslide-generated
tsunamis have been approached from various angles.
Especially during the last two decades, numerical (Harbitz
1992; Harbitz et al. 1993; Grilli and Horillo 1997; Grilli
and Watts 1999; Grilli et al. 2002; Hébert et al. 2002;
Bondevik et al. 2005; Pareschi et al. 2006, 2007; Tinti et al.
2006a, b), analytical (Pelinovsky and Poplavsky 1996;
Ward 2001) and experimental studies (Watts 1998, 2000;
Watts et al. 2003; Liu et al. 2005) have helped to improve
our understanding of this phenomenon.

The Sea of Marmara (SoM) in NW Turkey is a case in
point. It is a seismically very active region and, hence, a prime
candidate for tsunami occurrences, although few serious
incidents have been recorded in living memory. Indeed,

historical reports and instrumental records of earthquake
activity in the SoM region show that about 300 earthquakes
(M>6) have occurred during the last 4,000 years (Soysal et
al. 1981; Ambraseys and Finkel 1991). More recently, in
their analysis of earthquake recurrence times in the SoM,
Utkucu et al. (2009) came to the conclusion that the region
could expect a large earthquake within the next two decades.

The slopes of the SoM are very steep (15-25°) and
marked by several submarine canyons and landslide scars
(Gazioglu et al. 2002). The easternmost Cinarcik Basin is
the largest and deepest of the three basins (max. 1,276 m),
its slopes exceeding 20°. The most significant palaeo-
landslide in this region is the Tuzla submarine mass failure
located on the north-eastern slope of the Cmarcik Basin,
south of the town of Tuzla (Bas and Alpar 2003; Gazioglu
et al. 2005; Figs. 1 and 2). An engineering geological
assessment of this landslide and its surroundings was made
by Gokgeoglu et al. (2009). This and many other landslides
in the SoM were probably triggered by earthquakes along
the North Anatolian Fault. The records of these earthquakes
and associated mass flows are found in the form of
turbidites and homogenites in the deep Marmara basins
(Cita and Rimoldi 1997; Sar1 and Cagatay 2006; McHugh
et al. 2006; Beck et al. 2007).

The tsunami problem threatening the SoM has been
addressed in several studies, mostly focusing on the 1999
Izmit earthquake and the associated tsunami run-up

Fig. 1 Location map and generalized physiography of the Sea of Marmara. The landslide discussed in this paper is located in the easternmost part of the
Cinarcik Basin
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Fig. 2 Multibeam bathymetric
map of the study area showing
the locations of the four seismic
lines MTA, TPAO,
SEISMARMARA-112 and -115
displayed in Figs. 3, 4, 5 and 12
respectively, as well as of cores
TSU-2 and TSU-4. Rectangle
Area affected by the landslide,
white arrow direction in which
the simulation of the sliding
mass and the resulting tsunami
waves was centred. The fast-
and slow-moving parts of the
landslide are roughly demarcat-
ed by the yellow triangles to the
left and right respectively

Sea of Marmara
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(Yalgmer et al. 2000, 2002; Alpar et al. 2001; Altinok et al.
2001, 2003; Hébert et al. 2005; Tinti et al. 2006a). In
analyzing historical records of the AD 1265 and AD 1935
earthquakes on Marmara Island, Altinok and Alpar (2006)
specifically emphasize the fact that “abnormal” sea waves
were observed on those occasions. Modelling studies
commonly use shallow-water equations for the generation
and propagation of tsunami waves. A more recent tsunami
modelling study of the Tuzla landslide assumed zero
scattering from the scar area, being based on Fourier-
Laplace transform source representation methodology
(Hayir et al. 2008). This study inherently assumed a sliding
motion on a flat surface, with a hypothetical slide that
would presumably have started at the bottom of the current
scar, rather than higher up on the slope, as is considered in
the present study.

In this paper, multibeam bathymetric as well as seismic
and core stratigraphic data related to the submarine
landslide off the Tuzla Peninsula on the north-eastern slope
of the Cinarcik Basin are assessed. In addition, the
submarine-based findings are related to the geology on
the adjacent land. Finally, a mathematical modelling
analysis investigates the dimensions and deep-water prop-
agation characteristics of tsunami waves that could poten-
tially have been triggered by the submarine mass
movement. A run-up analysis was beyond the reach of the
linear scheme used in this study and, thus, no calculations
were done on wave propagation over the shallow shelves.

The main objectives of the paper are, firstly, to characterize
the landslide with its morphology, lithology and chronolo-
gy, and its possible mechanics and, secondly, to understand
the main characteristics of the tsunami wave field that may
have been generated by the landslide in a series of
mathematical simulations.

Marine geological setting
Marmara Sea

The Sea of Marmara is a tectonically active basin situated
between the branches of the North Anatolian Fault (NAF).
It has a relatively broad shelf (max. 45 km) in the south and
a narrow one (max. 20 km) in the north, the shelf break
being located at a water depth of about 100 m (Fig. 1). It
comprises three rthomboidal or wedge-shaped basins that
reach a maximum depth of 1,280 m, these being the
Tekirdag, Central and Cimarcik basins. This morphology is
determined by the interaction of the dextral strike-slip
tectonics of the NAF (McKenzie 1972; Sengdr 1979;
Sengor et al. 1985, 2004; Barka and Kadinsky-Cade
1988; Gortir et al. 1997; Cagatay et al. 2000a; Demirbag
et al. 2003; Yilmaz et al. 2009). The NAF subdivides into
three branches at about 31°E, approx. 100 km east of the
Gulf of izmit. The northern branch is the most active
(cf. the Main Marmara Fault of Le Pichon et al. 2001; also
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see Gokasan et al. 2002, 2003), and extends through the
Sea of Marmara to eventually connect with the Gulf of
Saros and the North Aegean Trough (Ustadmer et al. 2008).

Cinarcik Basin

The Cmarcik Basin is the largest of the deep SoM basins
(Fig. 1), having a sediment fill of about 6 km (Carton et al.
2007). The floor of this wedge-shaped basin covers an area
of 810 km?. The basin is bound in the west by the
transpressive “eastern ridge” and in the east by the Izmit
Gulf. The northern margin of the basin commonly dips at
20-26° and is delimited near its base by the very active
northern branch of the NAF, the Main Marmara Fault,
mainly in the form of a strike-slip component (Okay et al.
2000; Imren et al. 2001; Le Pichon et al. 2001). The
deepest spot is in the north-eastern sector of the basin
(1,276 m), but there is another important subsidence zone
to the northwest. The southern shelf has a width of
30-35 km, and includes E-W- and ESE-WNW-trending,
north-dipping normal faults and half-grabens created by this
faulting (Smith et al. 1995). Because sediments brought by
rivers such as the Susurluk and Gonen accumulate mainly
in the half-grabens of the southern shelf, the thickness of
Holocene sediments is greater here than on the northern
shelf. However, during the last glacial and early phase of
deglaciation when the shelf area was exposed, fluvial
sediments were transported directly into the deep basin,
resulting in sedimentation rates of 3—4 m/1,000 years
(Cagatay et al. 2000b).

Chronostratigraphy and sedimentology of Late Quaternary
sediments

To assess the timing of the landslide, an outline of the local
stratigraphy is appropriate. Previous sediment core studies
in the SoM have identified two principal Late Quaternary
stratigraphic units (Cagatay et al. 2000b): an upper marine
unit (unit 1) and a lower lacustrine unit (unit 2). The
boundary separating the two units has been dated at 12 ka
'4C years B.p. (uncalib. age). Unit 1 consists of green mud
and contains a rich fauna of Mediterranean euryhaline
molluscs, echinoids and foraminifers (Cagatay et al. 2000b;
Aksu et al. 2002; Kaminski et al. 2002). This unit includes
two sapropelic layers, rich in organic matter (maximum
organic carbon content of 3.4 dry wt%; Cagatay et al. 1999,
2000b; Tolun et al. 2002). Radiocarbon dating has shown
that the lower sapropelic layer was deposited between
10,600 and 6,400 years B.P. and the upper one between
4,750 and 3,200 years B.P.

Lacustrine unit 2 was deposited in areas deeper than
about —85 m. On the outer shelf it is composed of sandy
and silty mud with colours changing from grey to dark
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grey. In the deeper parts the unit also locally includes iron
monosulphide reduction bands. On the shelf edge and
upper slope, the unit includes an assemblage of fresh- to
brackish-water molluscs. On the pressure ridges where the
sedimentation rate is low (about 30 cm/1,000 years;
Cagatay, unpublished data), a 5-cm-thick volcanic ash
layer has been identified (Cagatay et al. 2000b; Wulf et al.
2002). Based on its rhyodacitic composition, stratigraphic
position, and the results of deep-sea core studies in the
eastern Mediterranean, this ash layer has been correlated
by Cagatay et al. (2000bb) and Wulf et al. (2002) with the
Y-2 volcanic ash layer of the Cape Riva eruption on
Santorini island, dated at 18 ka '*C B.p. (22 ka calib.) in
Eastern Mediterranean cores (Keller et al. 1978; Cita and
Aloisi 2000).

Material and methods
Geological and geophysical methods

The multibeam bathymetric map (Fig. 2) was obtained
using a SIMRAD EM300 multibeam echo sounder onboard
the RV Le Suroit in 2000 (Le Pichon et al. 2001).

Four airgun multichannel seismic reflection lines cross-
ing the landslide are assessed in this study (cf. Fig. 2).
Seismic line MTAwas obtained onboard the RV MTA-
Sismik-1 in 2001, and processed by Emin Demirbag and
Caner Imren at ITU’s Nezihi Canitez Seismic Processing
Laboratory. The number of channels was 84, and the 6-s
record was sampled at 2-ms intervals. Shot interval was
50 m and the CDP (common depth point) interval 6.25 m.

Seismic line TPAO is a multichannel airgun profile
from the database of the Turkish Petroleum Company
(TPAO). In this case, the number of channels was 48, and
the 5-s record was sampled at 4-ms intervals. Shot and
CDP intervals were 25 and 12.5 m respectively (Siyako et
al. 2000).

Seismic lines SeisMarmara-112 and -115 are from the
2001 SeisMarmara survey (Carton et al. 2007). These were
shot aboard the RV Nadir equipped with a 4.5-km-long
streamer and a 2,900 cubic inch airgun array.

Two gravity cores, TSU-2 and TSU-4, were recovered
from board the RV MTA-Sismik-1 in 2001 at water depths
of 761 and 988 m on the submarine landslide on the north-
eastern slope of the Cinarcik Basin (Fig. 2). The cores were
described visually and sampled at 10-cm intervals, the
samples being subsequently analyzed for organic carbon
content using the Walkey-Blake method (Gaudette et al.
1974; Loring and Rantala 1992).

One sample from core TSU-4, which penetrated the
landslide material below the normal Late Quaternary
sedimentary sequence of the SoM, was dated using AMS
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(accelerator mass spectrometry) radiocarbon dating at the
University of Arizona’s NSF AMS facility. Because of the
lack of datable material near the base of the undisturbed
sediment in contact with the disturbed deposit below, the
total carbonate carbon in the sample was dated. The age
was calculated in *C years B.P., corrected for 13C, and the
error expressed as +10.

In 2007 the MARNAUT cruise aboard the RV
L’Atalante (cf. Géli et al. 2008) was instrumental in
providing data enabling us to establish links between the
onshore and offshore geology of the Istanbul region,
including visual inspections and in situ samplings of
bedrock in the slide scar using the submersible Nautile
provided by IFREMER, France.

Mathematical modelling

In the modelling of landslide tsunamis, the sliding mass is
traditionally considered to be an equivalent rigid sliding
block. This simple and practical approach using Green’s
functions (Pelinovsky and Poplavsky 1996) works well
enough, provided that one is interested only in the first-
order characteristics of the dispersive wave field (Ward
2001). The principal factors that determine the maximum
amplitude and shape of the wave are the thickness and the
width of the sliding mass, and its velocity-depth history,
which depends on the geometrical form of the surface it
slides on, the ratio between the density of seawater and that
of the sliding mass, and the friction conditions influencing
the acceleration of the mass. A short summary of the
mathematical technique applied in modelling the surface
gravity waves that result from the landslide movement is
given below, the full derivation of the mathematical
technique being given in Ozeren et al. (2007) and
Postacioglu and Ozeren (2008).

The present study makes use of Green’s functions, the
focus being on the linear problem, nonlinear issues such as
numerical calculations of the tsunami wave run-up being
beyond the scope of this paper. The nonlinearities that are
related to the generation and propagation phases (Yalciner
and Pelinovsky 2007) are not critical for our particular
generation and early propagation problem (see Postacioglu
and Ozeren 2008). This means that the convective terms in
the Navier-Stokes equations that govern the fluid motion
can be neglected. We used a deep-water approach to model
the landslide tsunami because the triggering mechanism for
the waves (the landslide) is very localized in space, as
opposed to the laterally very large-scale fault ruptures that
create conventional tsunamis. In the depth range we are
interested in, the water column acts as a kind of low-pass
filter; hence, very detailed shape information of the mass
displaced during the landslide is not critical for calculations
of the wave field at the water surface.

We chose a semi-spectral method that, under the
linearity assumption, enabled us to calculate the disper-
sive wave field in three dimensions using a semi-
analytical approach, with scattering from the bathymetry
in the presence of a mass that is sliding on a fairly steep
slope. In this context, it is interesting to note that Kilinc et
al. (2009) found no significant differences between
dispersion and non-dispersion solutions for tsunami
propagation in the SoM.

Under the assumption of an inviscid and incompressible
fluid, the system to be solved simply reduces to the Laplace
equation for the velocity potential ¢ in the fluid domain at
all times:

V29(x,y,2,1) = 0 (1)
subject to the kinematic condition on the sea bottom
Ohp =0 (2)

where n indicates the normal vector into the fluid anywhere
on the sea bottom. The thickness of the sliding block was
taken to be much less than the water depth, satisfying the
following two conditions on the free surface:

0
P =Pp (a—{f =0 — gn) 3)
o]  an
Oz|._, o “)

where pp is the density of the fluid, g the acceleration due
to gravity and n the departure from the undisturbed free
surface. For details of the solution methodology, the reader
is referred to Postacioglu and Ozeren (2008).

The motion of the landslide itself was modelled using
the following differential equation:

du, 1
ds 2
where U, is the gravitational potential energy of the block

and F¢ the basal friction force. Evaluating U, accounts for
buoyancy, in that U, is defined as

mbS'b = HWpDCdS‘% — FC (5)

Ug=V xz(s) x BP0 g (6)
Pp

where V' is the volume of the block, z(s) the depth of the
position on the trajectory, pg the block density and pp the
density of seawater (the latter taken to be 1 and 2.7 g/cm’
respectively); the last term of the equation represents
gravity taken to be 10 m/s®. In Eq. 5, my, is the mass of
the sliding block, ¢4 the hydrodynamic drag coefficient and
s the curvilinear coordinate along the trajectory, the dots in
the equation indicating derivatives with respect to time. W
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is the width and H the thickness of the sliding block. The
last term in Eq. 5 is given as

Fc :Mcm cos 6 (7)
Pp

where ¢, is the Coulomb friction coefficient and 6 the local
slope angle. This is simply Newton’s law of motion, taking
into account the friction, buoyancy forces and the effect of
the added mass. The reader is referred to Watts (1998,
2000) for experimental studies in which these effects are
explained in more detail.

Results
Slide morphology, internal structure and stratigraphy

The Tuzla mass failure is a very large submarine landslide
along the north-eastern continental slope of the Cinarcik
Basin. It has a roughly triangular shape, the shelf-side
vertices being 89 km long on each side of the slope
(Fig. 2). The displaced mass, which is clearly visible on the
multibeam bathymetry and in the multichannel seismic
cross sections, has an average thickness of approx. 30-40 m
(assuming a seismic velocity of about 1,480 m/s for the
shallow sediments) and displays compressional features in
the frontal zone (Figs. 3, 4).

The multichannel profiles from the SeisMarmara project
also reveal older mass wasting events besides the late
glacial Tuzla landslide. As evident from Fig. 5, the upper
surface of the lens-shaped, half-buried part of this older
mass failure connects to a basin-wide transparent reflector
(indicated with a black arrow in Fig. 5). Considering the
depth at which it occurs, the lowest frontal part of this slide
is unlikely to be related to the Tuzla landslide.

Fig. 3 Multichannel airgun

The large size of the more recent submarine landslide
suggests that it has probably been triggered by a large
earthquake. Its overall triangular shape can be subdivided
into two smaller triangles that are characterized by two very
distinct morphologies (Fig. 2). The eastern one has a gentler
average slope with a staircase-like (hummocky) topogra-
phy, and is bounded in the east by the Izmit branch
(extending from the Gulf of Izmit) of the Main Marmara
Fault. There are neither cores nor seismic sections available
from this part of the landslide, which makes an assessment
of its mechanics difficult. The western part, on the other
hand, has very steep bathymetric gradients, the landslide
material and the scar having slope angles greater than 25°.
This indicates that the landslide occurred relatively fast,
possibly as a tsunamogenic gravity failure. However, we do
not rule out that several small-volume landslides may have
occurred on either side of the scar since the late glacial
event.

Cores TSU-02 and TSU-04 are located in the western
part of the slide, the former from a water depth of 761 m,
the latter from 988 m (cf. Fig. 2). Both cores reveal a late
glacial to Holocene stratigraphic sequence typical of the
SoM (Figs. 6, 7). Judging from the position of the Marmara
sapropel in the two cores, the shallower core (TSU-02), in
spite of its greater length (2.55 m), evidently covers a
shorter time span than does the deeper core (TSU-04),
which is only 1.55 m long. From the stratigraphy it is clear
that core TSU-02 did not penetrate into the deformed slide
deposit. Core TSU-04, by contrast, can be subdivided into
an 87-cm-thick marine sequence above the sapropel, and a
58-cm-thick lacustrine sequence below the sapropel. At its
base, the core penetrated about 5 cm into a chaotic mixture
comprising angular shale clasts, angular pebbles, and a
sandstone block in a sandy mud matrix that evidently
represents the top of the deformed slide body. This

seismic profile MTA (cf. Fig. 2)
obtained onboard the RV MT7A4-
Sismik-1. Landslide masses are

clearly seen as remoulded mate-
rial. TWTT Two-way travel time

0.00

1.00

TWTT (s)

2.00

3.00

4.00
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Fig. 4 Multichannel airgun seismic profile TPAO (cf. Fig. 2). The main scarp, the displaced mass (black/white line) and some of the flow deposits
at the toe of the landslide can be clearly recognised. White arrows Glide planes, TWTT two-way travel time

sequence includes the characteristic lower Marmara sapropel
unit showing high contents of organic carbon (>1.5 wt%) and
the lacustrine/marine transition that have previously been
dated at 10,600—6,400 and 12,000 “C years B.P. respectively
(Cagatay et al. 2000b). The radiocarbon dating on the “total”
carbonate carbon in a sample from 148 to 149 cm core
depth, i.e. immediately above the landslide material, yielded
an age of 23,400+170 ka B.p. This age is certainly too old for

TWTT (s)

the landslide event because this material would include
“radiogenically dead” carbon from detrital carbonate. The
fact that the 18 (uncal.) ka B.P. Santorini ash layer is absent in
core TSU-4 indicates that the base of the core is younger
than 18 ka (22 ka calib.), the age of the Santoroini’s Cape
Riva ash (Keller et al. 1978), but older than the lacustrine/
marine transition at 12 ka B.P. (Cagatay et al. 2000b).
Considering that the age of the unit 1/unit 2 boundary at

NE

Distance (km)

Fig. 5 SeisMarmara multichannel seismic section number 112 (cf.
Fig. 2). White arrow Remoulded material corresponding to the late
glacial slide, white rectangle older, lens-shaped buried landslide
masses, which probably comprise several landslides that occurred

during MIS 6 or immediately prior to it. Note that the internal
reflections beneath the transparent deposits in the basin centre (black
arrow) merge with the upper surface of the older landslide masses.
TWTT Two-way travel time
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Fig. 6 Stratigraphy and organic Corg. (%)
carbon (Corg) profile of core TSU-2 0 1 2
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87 cm below seafloor is 12 ka, and assuming a typical
sedimentation rate of 10 cm/1,000 years for unit 2 on the
slope (Cagatay, unpublished data), the age of the slide is
calculated to be about 17 ka B.P. From these observations, it
is clear that the late glacial-Holocene sequence has been
deposited after the submarine landslide.

Stratigraphy and structure of onshore and offshore deposits
and their relation to the kinematics of the landslide

The Palacozoic of the Istanbul region consists of an approx.
10-km-thick Atlantic-type continental margin sedimentary
package spanning an age interval from the Late Ordovician
to Early Carboniferous (Figs. 8, 9; Sengér and Ozgiil
2009). The succession has a west-vergent imbricated
structure that forms the outermost part of a marginal fold
and thrust belt (Fig. 10). In the east, the wide arkosic terrain
seems to represent at least four major tectonic slices. These
overrode small patches of discontinuous quartzites, thereby
folding and in part imbricating the more continuous
Devonian rocks. It would appear that under the Golden
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Horn the Carboniferous flysch backthrusts the Devonian
and partly also the Carboniferous rocks, most probably
forming a triangle-shaped anticline at depth, herein called
the Beyoglu Triangle Zone (Fig. 10). Indeed, it is here that
west-dipping shear zones have been observed in the
Carboniferous sedimentary rocks (Ketin and Guner 1988).

The thrusts have a west-concave shape and the resulting
concavity is locally accentuated by west-northwest-striking
tear faults. It seems that the southern shoreline of the
Istanbul region is closely paralleled by such faults, a
remarkable example of which can be seen on the island of
Biiyiikada (Prinkipio of the Princes’ Islands of Byzantine
times; Ketin 1953). The tear faults are all right-lateral and
bring the Early Palaeozoic rocks of the Princes’ Islands into
strike continuity with much younger rocks of the Kocaeli
(Bithynian) Peninsula.

The results of the Nautile dives during the MARNAUT
cruise in 2007 are in agreement with this general
interpretation. During Nautile dive no. 1652, a white
orthoquartzite unmistakably part of the Aydos Formation
(Fig. 9) was encountered at a depth of some 1,100+ m
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(Sengor, unpublished data). Immediately above the quartz-
ite, a fairly tightly folded black shale sequence was
observed that persisted to a depth of 900 m. In places, this
shale was silty but rarely sandy. Bed thicknesses increased
bathymetrically upwards but never exceeded 20—30 cm. Up
to a depth of some 1,050 m, the dip directions were
persistently towards the south (i.e. towards the centre of the
Cimnarcik Basin) and southeast, with dip values varying
between 30° and 45°. At shallower water depths, the dip
changed towards the east with similar dip values. At a
depth of 1,000 m, a fault striking N30W was observed.
Farther west, during Nautile dive no. 1658 (30th May
2007), a black shale sample was recovered at a depth of
about 1,100 m (Goriir, unpublished data), this being in
excellent agreement with the observations of Sengor
(cf. above).

Tsunami wave modelling

In the tsunami simulations, certain characteristics of the
landslide, such as the type of mass movement (sliding
motion on a slope and rotational failure of the sediments)
and the mass dimensions, were changed stepwise in a series
of case studies in order to test the responses. At this point it

of mudstone in sandy mud matrix

must again be emphasized that the ambiguities related to
the mechanics, and the uncertainties regarding the geometry
of the landslide prevented the formulation of realistic
assumptions for the bottom boundary conditions of the
model. The aim therefore was to capture the fundamental,
first-order characteristics of the wave field, given the
geometrical scales of the triggering mass failure as deduced
from the bathymetry and the seismic data. As explained
above, the water level at the time of the landslide (about
17 ka B.P) was about 85 m lower than the present-day level.

In order to evaluate the effects of various landslide
parameters on the tsunami wave height, we performed
simulation runs by varying the slide width, hydrodynamic
friction coefficient ¢4 and Coulomb coefficient c,,. In most
quantitative studies of submarine landslides, ¢, is either
assumed to be zero (e.g. Watts et al. 2003) or given a small
value such as 0.02 (e.g. Fine et al. 2003). Establishing this
value with precision for a given landslide scenario is
difficult but numerical studies of submarine debris flows
such as that of Imran et al. (2001) have shown that such
small values of ¢, are indeed realistic. We performed runs
with ¢, values of 0.0, 0.025 and 0.050. For cq4, the
hydrodynamic friction coefficient, we used values of 1.0
and 1.5. Given our rectangular block assumption, these
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Hercynian and slightly
younger faults

Landslide

and Salacak districts of the City of Istanbul shown in the cross section
in Fig. 10 (B, C and S respectively, white circles). GP Gebze Pluton

values are plausible. For each Coulomb and hydrodynamic
friction coefficient combination, we did runs for slide
width values of 5 and 7 km. The maximum wave heights
at the instance when the front of the slide reaches the toe
of the slope are given in Table 1. As one might have
expected, the effect of the Coulomb coefficient is quite
dramatic, the wave heights more than doubling when ¢, is
changed from 0.050 to zero. This effect is somewhat more
pronounced for the narrower (5-km-wide) slide. This is
not surprising because the geometric spreading factor
decreases as the width increases. For very small values of
Cm, the maximum wave height is invariably more than half
the thickness of the sliding mass within the hydrodynamic
friction bounds mentioned above.

In Fig. 1la—f, the generation of the waves and their
propagation as a function of time are illustrated in free-
surface plots for the particular case in which we assumed
zero basal friction and c4=1, and set the width of the
landslide at 7 km. Both a dispersive character and lateral
spreading are apparent. The wave train develops a negative
bulge behind the front as it propagates over the deep basin
(a typical feature observed also in experimental studies such
as that by Liu et al. 2005) towards the northern coast of the
Armutlu Peninsula. The images are meant to convey the
physical scale of the wave field in relation to its shape
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Fig. 10 Simplified geological Beyoglu Camlica

WNW-ESE cross section of the WNW Salacak ESE
Istanbul Zone (modified after Boyalik l Mollafenari

Sengér and Ozgiil 2009).
Beyoglu, Camlica, Salacak,
etc. are districts of the
City of Istanbul

evolution, rather than claiming to be a precise representa-
tion of a past tsunami event. The maximum wave height in
this particular case is 0.58 times the thickness of the sliding
mass (indicating a 16—-17 m maximum pre-run-up height
over the deep water for an average landslide thickness of
30 m). For slide blocks having a width twice as large, this
factor increases to about 0.68 for the same bathymetry, the
maximum wave height in this case thus amounting to about
20-21 m. In all simulations, the scattering of the waves for
the entire duration of the simulation was taken into account.
Not surprisingly, the amplitudes of the waves that propagate
towards the south (thus, in the direction of the sliding
motion) are larger than for those propagating towards the
north. The northward-propagating waves would reach the
shallow shelf early in their evolution and, as they constitute
a coastal flooding threat, they cannot be ignored. It is also
important to remember here that the asymptotic value of the
maximum wave height (calculated for a given trajectory
length) is reached quicker for smaller slide block widths
and shorter slide trajectories.

We ran simulations assuming a bathymetry that is 85 m
shallower than that of today, and found the maximum wave
heights in this case to be about 11% higher. This increase is
not surprising, as the starting position of the landslide is
closer to the sea surface and, consequently, higher sliding

Table 1 Results of simulation runs for various values of ¢,,, ¢q and
slide width. Maximum wave heights were normalized in terms of
average landslide thickness

Coulomb Slide Hydrodynamic Normalized
coefficient width friction (cq) maximum wave
(cm) (km) height
0.000 5 1.0 0.58
0.025 5 1.0 0.45
0.050 5 1.0 0.30
0.000 5 1.5 0.51
0.025 5 1.5 0.35
0.050 5 1.5 0.23
0.000 7 1.0 0.65
0.025 7 1.0 0.58
0.050 7 1.0 0.36
0.000 7 1.5 0.60
0.025 7 1.5 0.42
0.050 7 1.5 0.29

Beyoglu

< S
~x =g
jout £

riangle Zone

Gebze Pluton

velocities are reached when the front of the sliding mass is
still at shallower depths.

Discussion
Slide morphology, internal structure and stratigraphy

The steep bathymetric gradients and the proximity of
the Main Marmara Fault to the northern slopes bound-
ing the Marmara basins constitute an ideal setting for
submarine landslides (Zitter et al. 2008). The wiggly
shape of the remoulded material at the slide front
representing compressional features (Hampton and Locat
1996; Shanmugam 2006; Figs. 3, 4) typically resembles
that obtained in numerical simulations where landslide
material is treated as a Bingham fluid (Imran et al. 2001;
Masson et al. 2006).

Given the very large volume of displaced material in
the older slide that underlies the Tuzla slide, it is unlikely
that it is a product of a single landslide. In two profiles
(SeisMarmara-113 and 114) located to the west of the
slide reported by Carton et al. (2007), the same feature is
visible, yet the sediments seem to be more disturbed
and the connection between the frontal landslide material
and the basin-wide reflector becomes more difficult to
trace. The obvious question here concerns the identity of
the basin-wide reflector that seems to correlate with the
last of these large, older landslide masses. This reflector is
well known (e.g. Parke et al. 1999, 2002; Okay et al.
2000) and marks the lower limit of the so-called upper
sequence. Carton et al. (2007) identified the same reflector
(indicated by an orange colour in their Fig. 4) overlain by
sediments having a low P-velocity (1.5 to 1.7 km/s).
Figure 12 shows profile SeisMarmara-115 of Carton et al.
(2007) with the reflector highlighted by the same orange
colour. Carton et al. (2007) relate the deformation solely to
the existence of two diverging faults bounding the basin
from the north—one at the toe of the present scar, the
other some distance further south (Fig. 12)—but do not
mention the buried landslide masses. However, immedi-
ately above the orange reflector, i.e. within the wupper
sequence, there are two additional reflectors. Assuming an
average sedimentation rate of 3—-3.5 mm/year in the deep
Cinarcik Basin (Cagatay, unpublished data), the part
between the orange and dark purple reflectors in Fig. 12
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Fig. 11 Time series of a numerically generated tsunami wave above a
7-km-wide submarine landslide, illustrating the evolution of the wave
at 0 (a), 44 (b), 88 (¢), 187 (d), 242 (e) and 264 s (f). The main wave
train travels from left to right in the direction (SW) of the white arrow

probably corresponds to the marine isotopic stage (MIS) 6
sea-level lowstand (~127-160 ka B.P).

The overall conclusion, therefore, is that there have
probably been a number of large underwater landslides in
the same area during MIS 6, the mass failure processes
having been facilitated by the subaerial exposure of the
shelf.

@ Springer

in Fig. 2. The vertical axis indicates the factor by which the thickness
of the sliding block (about 30-35 m, in this case) must be multiplied
to obtain the wave height

Stratigraphy, structure and landslide kinematics

The main northern branch of the Northern Anatolian Fault
(NAF) enters the SoM in the Izmit Gulf immediately east of
the landslide. At this point it makes a bend and carries on as
a WNW-ESE-striking transitional fault. This fault branch
(sometimes referred to as the Princes’ Islands or Adalar
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Fig. 12 SeisMarmara multi-
channel seismic section number
115 (cf. Fig. 2), located imme-
diately west of the study area:
the buried older landslide
masses are no longer visible.
Note the orange-coloured
basin-wide reflector. According
to Carton et al. (2007), two
faults—one at the toe of the
present scarp, the other further
south—bound the basin from

the north (red arrows). TWIT
Two-way travel time 0

branch) is likely to be a strike-slip fault, as suggested by the
seismicity near the fault (see focal mechanism inversions of
broadband records by Orgiilii and Aktar 2001). At present,
the right-lateral nature of the Main Marmara Fault and
available GPS data from the surrounding region indicate
that the kinematics of the SoM is predominantly repre-
sented by the principal extensional axis that has, on
average, a SW-NE orientation (Le Pichon et al. 2001;
Ozeren 2002; Nyst and Thatcher 2004).

Based on extensive marine geophysical data, Le Pichon
et al. (2001) define the Main Marmara Fault as a relatively
simple E-W-striking strike-slip fault. Yet we do not rule out
a superimposed normal deformation on the Adalar branch.
Indeed, there is a significant lack of consensus on the
mechanics of this part of the fault, which is defined by
some researchers as a trans-tensional fault (Armijo et al.
2002). With these constraints in mind, we propose that the
initial detachment of the slide mass most probably took
place on the eastern side, possibly somewhere along the
shelf edge of the eastern triangle in Fig. 2 during a large
seismic event. Such a mass failure on the eastern side
would have been promoted by secondary faults that
reactivated Hercynian structures. This tectonically triggered
slow movement in the east may then have led to a
gravitational instability in the western part, the sliding
motion here being accelerated due to the low friction
between the Palacozoic shale beds. A sudden change in the
pore pressure due to the earthquake may also have played a
role in the process.

The data therefore suggest that at least the western part
of the slide is underlain by south- and southeast-dipping
lower Silurian black shales that are susceptible to mass
wasting in a gravitationally unstable setting. If the onland
geological pattern is extrapolated onto the shelf, one would
thus encounter younger Palacozoic rocks in the western part
of the slide scar. The WNW-striking dextral tear faults are
most probably associated with secondary structures, the
N30W-striking fault possibly playing a major role in the
process. If so, the eastern border of the slide may be
delimited by secondary faults associated with the Hercynian

Distance (km)

orogeny, whereas the western border is formed by dis-
placed, south-dipping shales (see also Tur 2007; Gokgeoglu
et al. 2009). In summary, the data suggest that the landslide
event took place during a global sea-level lowstand when
the water level in the Marmara Basin was about 85 m
below the present one, being probably controlled by the
bedrock sill depth of the Dardanelles Strait (Cagatay et al.
2003; Polonia et al. 2004; Eris 2007).

Sediments deposited on the shelf in the wake of the
tsunami wave run-up would initially have been subaerially
exposed at elevations corresponding to water depths of
65-85 m below the present sea level. The preservation
potential of such deposits on a shelf initially exposed to
subaerial conditions and subsequently crossed by the
postglacial marine transgression from 12 ka B.P. onwards
must be considered to be low. Initial fluvial, and possibly
even early urbanization in the coastal areas, later followed
by wave erosion during the transgression would in all
likelihood have destroyed the tsunamogenic deposits.

Tsunami wave modelling

For calibration purposes, we tested our three-dimensional
routine, simulating waves created by very wide (literally
representing an infinite width, therefore essentially two-
dimensional) landslides against direct two-dimensional
calculations. The test results were satisfactory in that the
simulations converged to the analytically derived asymp-
totic values corresponding to the purely bi-dimensional
results. In addition, the algorithm was compared with the
experimental results of Watts (1998, 2000) and Liu et al.
(2005) and was found to reproduce the first-order character-
istics of the dispersive wave field observed in these
laboratory experiments very well. As our simulations
assumed linearity, the wave heights were calculated to
scale with the thickness of the sliding masses. Hence, any
increase in thickness is matched by a corresponding
increase in wave height. One of the facets of the linearity
assumption is the supposition that the thickness of the
landslide is substantially smaller than the water depth. This
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assumption is valid in our case, where the sliding motion is
initiated at a water depth of more than 250 m and the
thickness of the slide is deduced to be slightly more than
one tenth of this initial depth (cf. this condition is
compromised somewhat by the 85-m-shallower, lacustrine
Marmara lake level, but there is still a large difference
between the slide’s thickness and the initial depth).
Mathematically, this means that if the solution for the flow
field is expanded into a power series in terms of the
thickness of the landslide, only the first-order terms are
retained as far as the analysis in this article is concerned.

Risk assessment

Such large landslides are demonstrably rare events and
they are much less frequent than large earthquakes
(Utkucu et al. 2009), yet the proximity of the Main
Marmara Fault to the large bathymetric gradient in the
north does constitute a tsunami risk for the City of
Istanbul as well as the coast to the south. In the case of
a landslide to the west of the region under consideration,
the Istanbul region would be subject to the waves
travelling in the direction opposite to the landslide
movement. The test simulations show that, unless the
sliding mass is very short (in the direction of propagation),
at the presently existing depth range the initial waveforms
created by the front and the rear ends of the sliding mass
will not cancel each other out in the initial stages of wave
evolution. This means that the waves would propagate
fairly freely in both directions.

Given this situation, there are a number of issues that
need to be investigated in order to assess a future submarine
landslide-generated tsunami risk. One problem is the lack
of sufficient seismic data across the northern shelf. Pre-
existing weak zones may well occur on the shelf and
knowledge about their geometry, relative to the slope
bounding the Cinarcik Basin and the Main Marmara Fault,
would prove useful for such a risk assessment.

During the 2007 MARNAUT campaign, cold seeps, gas
bubbles and black patches of varying sizes, bacterial mats
and carbonate crusts (as high as several metres in places)
were discovered at various locations along the Main
Marmara Fault. These features, together with the current
tectonic setting, have already been assessed in terms of
slope stability (Zitter et al. 2008). Hence, a sudden
hydrocarbon gas release from the sediments due to a large
earthquake may constitute an additional triggering mecha-
nism for submarine landslides in the region.

It is also important to note that, in terms of “competi-
tion” between the pore-fluid pressure and hydrostatic
pressure, a glacial low sea-level stand presents a setting
that promotes the occurrence of submarine landslides. For
the Sea of Marmara, no measurements of pore pressure
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exist in the literature. Thus, long-term piezometer monitor-
ing in the high-risk areas is urgently recommended.

Conclusions

In this study of the late glacial Tuzla submarine landslide in
the Sea of Marmara, radiocarbon datings on two cores
indicate that the landslide occurred about 17 '*C ka BP. At
this time, the Sea of Marmara was a lake and the water
level was at least 85 m lower than today. Manned
submersible dives helped to confirm the existence of
southward-dipping black shales in the slope area that
evidently are an important factor facilitating landslide
motion. The black shales are Silurian in age and the onland
extrapolation of the submarine-based evidence indicates
that the western part of the slide probably consists of
younger Palaeozoic rocks. This connection with the land
geology also suggests that WNW-striking faults associated
with the Hercynian orogeny and their secondary structures
may have been reactivated to play an auxiliary role in this
slide event.

Multichannel seismic sections from various sources give
satisfactory visual evidence of the geometry of the
landslide. Another interesting point concerning particular
seismic sections from the SeisMarmara project is that these
revealed the existence of very large, older landslide masses
at the same location, but buried beneath the northern part of
the Cinarcik Basin. The upper surface of this mass
corresponds with a basin-wide transparent reflector. This
possibly indicates that during the MIS 6 sea-level lowstand
(~127-160 ka B.P) there were multiple submarine land-
slides in the area.

Using the information from the seismic sections, a
simple calculation of the velocity of the slide was carried
out. Assuming an average slide thickness of about 30 m,
and choosing a water level 85 m shallower than today, the
semi-spectral hydrodynamic modelling showed that the
maximum wave height for the slide would have exceeded
15 m over the deep basin. This finding has important
implications for tsunami risk assessments in the Sea of
Marmara.
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