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Abstract

The submerged portions of the North Anatolia Fault system beneath the Marmara Sea were studied with high-resolution
multibeam bathymetry, subbottom profiling and sediment cores. The major objectives were to learn about the seismic and tectonic
history of the fault from the stratigraphic record at a scale similar to paleoseismic studies on land and to develop tools for
submarine earthquake geology that can be applied to fault-controlled basins in general. We focused on Holocene sediment in
several Marmara Sea basins of different sizes. The approach was to test whether: (1) the depocenters of the larger basins contain a
record of all historic Ms>7 earthquakes within the Marmara Sea region; (2) the small transform basins record earthquakes that
rupture through them; (3) vertical and strike-slip Holocene deformation can be quantified; and (4) the effects of an earthquake
generally includes both primary structural features due to rupture of the sea floor, such as strata offset, scarps and tilting, as well as
secondary effects due to shaking, such as mass-wasting and gravitational flows. We found evidence of earthquakes that we
correlate with historic events in 181 AD, 740 AD, 1063 AD, 1343 AD, 1509 AD, 1766 AD, 1894 AD and 1912 AD. The geologic
evidence is primarily from those basins adjacent to the rupture as inferred from historic data. This suggests that coseismic
deformation of the sea floor along the rupture is a critical factor in the sedimentary record. We propose a qualitative sedimentation
model that relates this coseismic deformation to mass-wasting of the slope, scour of the basin floor, seiche motions and homogenite
deposition. Frequent earthquake activity sheds sediments from the flanks, contributes to the much thicker sediment on the basin
floor and decreases the likelihood of sediment failures in response to normal marine gravity-driven processes. The surveying
techniques and approaches used have therefore the potential of documenting earthquake ruptures of fault segments and to extend
the earthquake record far before the known history, thus improving hazard evaluations and the fundamental understanding of
earthquake process.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Submerged continental transform boundaries

Continental transform boundaries are regions of
high seismic risk [1–11]. They are associated with
broad zones of deformation that commonly cross
heavily populated areas and cause destructive earth-
quakes. Examples include the southern California
borderland associated to the San Andreas Fault system,
the Venezuela borderland and Cariaco Basin associated
to the El Pilar fault system, and the Marmara and
North Aegean Seas associated with the North Anatolia
Fault. As a result, continental transforms are exten-
sively investigated, even though they contribute very
little of the global moment release. Recent advances in
high-resolution submarine imaging and sampling
techniques provide opportunities to study the sub-
merged portions of continental transforms with their
complex systems of faults, basins, and ridges. The
deformation and earthquake record over the entire
transform basin history is uniquely preserved in
syntectonic sediment. Studying this record can provide
fundamental understanding of fault segmentation and
earthquake recurrence and contribute to improve
hazard estimates.

Paleoseismic methodologies are well established for
land and lakes, but they are at the pioneering stage for
the submarine environment [12–16]. The goals of this
study are to unravel the Holocene seismic and tectonic
history of the submerged portions of the North
Anatolia Fault system in the Marmara Sea from its
stratigraphic record at a scale equivalent to paleoseis-
mic studies on land, and to develop tools and
approaches for submarine earthquake geology that
can be applied to other tectonic basins. As part of this
effort, we conducted two high-resolution multibeam
bathymetry, subbottom profiling and gravity coring
surveys of the NAF beneath the Marmara Sea
[12,17,18]. The goals were: (1) to characterize earth-
quake ruptures in space and time by looking at the
stratigraphic record of fault-related basins, large,
intermediate and small; (2) to establish reliable
chronologies to date earthquake-related features; and
(3) to quantify Holocene deformation and slip rates
using datable markers such as shorelines and turbidites,
and piercing points, such as offset channels and
slumps. Precisely targeted core samples were inter-
preted within the framework of high-resolution geo-
physical images. The long and reliable historic record
of the Marmara Sea region provides excellent oppor-
tunities for ground-truthing [19–23].
1.2. The North Anatolia Fault

The North Anatolia Fault (NAF) is a right lateral
transform boundary that extends east–west across
northern Turkey for nearly 1600 km [7,24–32] (Fig.
1). The NAF accommodates westward and counter
clockwise motion of the Anatolia block relative to the
Eurasian plate. The current motion in the Marmara
region is 24 mm/yr [35–37], the accumulated right
lateral displacement is in the range 50 to 85 km [26],
and the commonly quoted age of the NAF is 10–
13 my [35–38,27,28]. This implies either a recent
increase in slip rate or a younger age for the NAF. In
northwestern Turkey, the NAF branches westward
into two main strands, through the northern and
southern Marmara Sea, respectively [27,28,31–39].
The northern branch is submerged for 175 km along
the length of the Marmara Sea, from the Gulf of
Izmit in the east to the Ganos Mt. on the west. GPS
measurements indicate that approximately 80% of the
current relative plate motion is accommodated by the
northern branch [37,38]. Geological reconstructions
for the northern branch, however, suggest average
long-term rates smaller than GPS rates, which may be
accounted for by changes in strain partitioning
between the northern and southern branches [26,12].
Different tectonic interpretations have been proposed
for the NAF beneath the Marmara Sea. Some models
propose pure strike-slip on a single recently formed
through going fault (i.e., [30,31]). Other models
interpret the Marmara Sea as a series of pull-apart
basins with significant ongoing subsidence and fault
segments combining normal and right-lateral motion
[27–29,34,18].

The northern segment of the North Anatolia Fault
has ruptured to the east and west of the Marmara
Sea (Fig. 1). The most recent devastating earth-
quakes, the Mw 7.4 Izmit and the Mw 7.2 Duzce
events in 1999, ruptured on land east of the Marmara
Sea, and part of the submarine Izmit segment.
Together they ruptured about 160 km of the fault
system [20,40–42]. The 1912 Ms 7.4 earthquake
ruptured the Ganos segment of the transform west of
the Marmara Sea through the Gelibolu Peninsula and
into the Gulf of Saros [21,43,44]. The 175 km
segment of the NAF beneath the Marmara Sea has
last ruptured in 1766 and is considered a seismic
gap. Given the large accumulated slip and the stress
increase caused by recent neighboring ruptures, the
Marmara segment presents a high risk to the dense
population around the shores, including the city of
Istanbul [41,45,8,10].



Fig. 1. (A) Tectonic interpretation of plate boundaries in the eastern Mediterranean region. Heavy arrows indicate the general direction of plate
motion. NAF: North Anatolia Fault, EAF: East Anatolia Fault, DSF, Dead Sea Fault [33]. (B) Tectonic sketch of the Marmara Sea region (after [34]).
Boxes mark the location of the basins studied from west to east: Ganos, Tekirdag, Central, Kumburgaz and Izmit Gulf. We also studied Imrali Basin
along the southern shore of Marmara Sea. (C) Multibeam bathymetry of the Marmara Sea basins with some tectonic interpretation and location of
studied cores. Modified after [29]. Image shows location of the larger transform basins: Tekirdag, Central, Kumburgaz and Cinarcik, and the location
of the studied cores (GA45, C4–6, C8, C9, IM05, K1, K2, IZ33). The basins are∼ 1200 m deep and separated by saddles∼ 900 m deep. Kumburgaz
is a shallower basin (900 m) located closer the shore. Cores C8 and C4 were located close to the basin depocenter.
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1.3. Submarine earthquake geology

The evaluation of seismic hazards associated with
faults and the understanding of fault mechanics in the
brittle regime, critically depend on learning about the
seismogenic evolution of the fault system through time.
The historical record of major earthquakes along active
faults rarely extends longer than the recurrence time of
large earthquakes. Paleoseismology on land has con-
tributed greatly to extend the earthquake record back-
ward by identifying and dating their geologic signatures
[46–49]. These signatures include features produced by
fault motion along the rupture surface, as well as
secondary structures derived from the shaking, such as
landslides in the vicinity of the fault and liquefaction of
sediments. Hence, earthquakes may be recognized as
event-horizons in sedimentary sequences provided that
sedimentation rates allow sufficient accumulation
between events. Sequences of event horizons can be
progressively deformed, thus providing a direct linkage
between the tectonics and the earthquakes. Paleoseismic
features include uplifted or subsided shorelines, drai-
nage offsets, abrupt subsidence and/or uplift at pull-
apart basins, compressional ridges, folding, tilting,
fissuring and block rotation. Structural and stratigraphic
relations can usually differentiate abrupt coseismic
deformation from slow aseismic strain. Liquefaction
features, slumps and tsunami deposits, are some of the
secondary phenomena that characterize strong earth-
quakes. Earthquake geology has been widely applied on
land to major continental faults over the past three
decades (reviews in: [46–49]).

Tectonic activity does not end at the shoreline and
with rapidly advancing submarine imaging and sam-
pling technologies paleoseismology is beginning to
develop in diverse submarine settings. For example,
turbidites have been used as proxies for earthquake
activity along the northern San Andreas Fault and at the
Cascadia subduction zone where systems of canyons
were cored and dated and the turbidites inferred to have
been triggered by large earthquakes [13]. Earthquake
generated turbidites and tsunamis have been documen-
ted in Sumatra [50], the Japan Sea [14], the Japanese
Pacific coast [15], the California margin [16], Alpine
lakes [51,52], New Zealand [48] and the Mediterranean
an Marmara Seas [54,55]. Along the Dead Sea trans-
form, a Holocene chronology derived from lake
sediments provided an excellent record of its seismic
history [56–59].

There are significant advantages to working in the
submarine environment: (1) sedimentation is generally
more continuous in time and in space than in onshore
alluvial/fluvial settings, which are commonly character-
ized by hiatuses and extensive sediment reworking; (2)
in isolated basins, sedimentation is likely to be free from
the effects of weather and other non-earthquake-related
events; (3) the calcium carbonate material of shells and
the tests of microfossils can be effectively used for
radiocarbon dating; (4) the short-lived radioisotopes
contained in recent sediment yield precise chronologies
for the past 150 yr; and (5) high-resolution geophysics
can image the sea floor and subsurface with a resolution
approaching the one obtained at an outcrop, but over
much larger areas, thus permitting synoptic 3D views of
the tectono-stratigraphic environment and a wide range
of choices for sampling by precisely placed cores. While
submarine earthquake geology relies heavily on the well
established methodologies developed in land-based
paleoseismology, results from the marine environment
are likely to provide new insights in the seismogenic
behavior of fault systems over the long term and thus
open new opportunities for land studies and for studies
of continental transforms in general.

2. Methods

High-resolution multibeam bathymetric mapping
(ELAC1180 system) and subbottom chirp profiling
(hull mounted Datasonics) conducted at 50 m spaced
grids were obtained during two expeditions to the
Marmara Sea with the R/V Odin Finder and R/V Urania
in the fall of 2000 and summer of 2001, respectively
[12,17,18]. Precise navigation was provided by differ-
ential GPS positioning and bathymetric maps were
referenced to the WGS84 datum. Gravity cores (2–3 m
long) and sediment water cores (SW-104) that leave an
undisturbed sediment water interface were obtained in
both expeditions. Similar cores recovered by the R/V
Sismik-1 of the Mineral Research and Exploration
Institute of Turkey (MTA) in the year 2000 were also
analyzed (Fig. 1). The sediments in the cores were
studied for grain size variability using a Sedigraph, and a
sonic sifter, total organic carbon, calcium carbonate and
for fine structures such as in turbidites by core
radiographs. A chronology was established from 14C
derived from wood and foraminifers (Table 1) and from
short-lived radioisotopes (137Cs and 210Pb). Radio-
carbon dating was conducted at the National Ocean
Sciences Accelerator Mass Spectrometry (NOSAMS)
Facility at Woods Hole, MA, USA.

Marine species have depleted radiocarbon ages due:
(1) to oceanic circulation processes that advect inter-
mediate and deep 14C depleted waters to the surface, (2)
atmospheric 14C changes and (3) air–sea CO2 exchange



Table 1
Radiocarbon age ranges in years AD calibrated with Calib. 5.0.2 [64]

AD calibrated age ranges Most
prob.

Sample
location

Sample Type 14-C age ±1 sig. Calib. ΔR 1σ Lower Upper

C4, 45 cm Forams 1040 70 81±40 a 1 1333 1432 1390 Above
C4, 155 cm Forams 1640 35 81±40 1 702 916 822 Above
C4, 244 cm Forams 1760 35 81±40 1 606 820 715 Below
C4, 244 cm Forams 2930 90 81±40 1 −774 −544 −646 b Below
C8, 55 cm Forams 1320 105.9 81±40 1 1053 1248 1019 Above
C8, 65 cm Forams 1460 148.7 81±40 1 865 1177 1157 Below
K2, 28 cm Bivalve 550 50 81±40 1 1832 1950 1860 Above
K2, 38 cm Gastropod 590 60.2 81±40 1 1717 1884 1816 Above
K2, 39 cm Bivalve 795 60.2 81±40 1 1532 1652 1588 Above
K2, 63 cm Mollusk 725 98.5 81±40 1 1536 1730 1548 Below
K1, 65 cm Bivalve 845 50 81±40 1 1489 1595 1542 Below
GA45, 42 cm Wood Mod Within
GA45, 81 cm Wood Mod Within
GA45, 88 cm Wood Mod Within

Calib. curve
GA45, 113 cm Wood 30 95 intcal04 1 1810 1922 1828 Below
IZ33, 203 cm Wood 1200 40 intcal04 1 777 882 824 Within
IZ33, 262 cm Wood 1830 45 intcal04 1 130 236 182 Within

Most prob. refers to the most probable age. The location of each sample is described relative to the interpreted seismite event (above, below, within).
Those samples within the event were obtained from woody material recovered from the basal part of the seismite.
a The marine reservoir correction was obtained from [61] by averaging values obtained to the north and south of the Marmara Sea.
b Negative numbers indicate cal BC ranges.
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processes [60,61]. Reservoir ages of the global mixed
marine surface layer, atmospheric 14C changes and air–
sea CO2 exchanges have been calculated for the world's
oceans [62,63,60]. However, deviations (ΔR) to the
marine reservoir ages in response to local oceanic
conditions must be accounted for. We calibrated the ages
to calendar years with the CALIB 5.0.2 program [64]
and applied a marine reservoir correction for the
Marmara Sea of 460+40 yr (ΔR 71) and 340+40 yr
(ΔR 91) obtained from AMS 14C dates of modern pre-
bomb mollusk shells [61]. We applied a weighted mean
ΔR 81 (by averaging both ΔR deviations) with a
standard deviation of 14.1 and a mean measurement
error of 28.3 and assigned the most statistically probable
age to a deposit [64].

Gamma counting for short-lived radioisotopes was
conducted at Lamont-Doherty Earth Observatory of
Columbia University. The 137Cs chronologies reveal
both the 1986 Chernobyl release peak and the 1965
nuclear testing global fall-out. These chronologies are
very useful to date the core tops [65–67]. The 210Pb
chronology with a half-life of 22.3 yr permits to date the
sediment back for 150 yr [68–70]. 210Pb can be both in
supported and unsupported forms. In this study we use
the unsupported 210Pb derived from the atmospheric
decay of 222Rn and referred to as excess 210Pb.
Supported 210Pb also forms in the sediments from the
decay of 226Ra but it is in equilibrium with previous
decay chain members and does not provide a chronol-
ogy. Once the chronology of a homogenite or mass-
wasting event was established, the sedimentary deposit
was declared a “seismite” if it correlated in time and
space with a large earthquake in the historical record
[71,72].

3. Results

3.1. The Marmara Sea as a natural laboratory

The Marmara Sea constitutes an excellent setting for
developing and testing methodologies for submarine
earthquake geology from earthquake ruptures because
the seismic history of the region has been documented
for nearly 2000 yr [19–23]. The Marmara Sea is a
transtentional structure composed of three main trans-
form basins, from east to west: Cinarcik, Central and
Tekirdag, with water depths of 1200 m, and separated by
ridges 700 to 900 m deep [29,30,73] (Fig. 1). These
basins probably contain Pliocene and Quaternary strata
1–4 km in thickness with most of the sedimentary infill
being of terrigenous and lacustrine origin [74–77]. The
Marmara Sea also contains intermediate size basins in
Izmit Gulf, a 50 km-long EW-oriented coastal inlet
[78,79,18]. The basins are: the Western Basin (also
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known as Darica Basin), the Central Basin (also known
as Karamürsel Basin) and the Eastern Basin (also known
as Golcuk Basin). Each basin is 10–20 km long, 5–9 km
wide and 40–220 m deep. These basins are separated by
two shallow sills located north of Hersek Peninsula
(54 m deep) and north of Golcuk (33 m deep) [18].
Smaller basins on the western Marmara Sea shelf (1 km
in diameter and at 100 to 150 m of water depth or less)
are found associated to the Ganos segment of the North
Anatolia Fault. This paper addresses the Holocene
sedimentary record of the Marmara Sea in two of the
main basins, in two intermediate size basins in Izmit
Fig. 2. High-resolution multibeam bathymetry (2 m contour interval) showin
Ganos small transform basin. The shoreline is 2–4 km away. Red dots show lo
interpretation of normal faulting [34].
Gulf and one of the small basins along the Ganos Fault.
Despite differences in size, these basins share interesting
characteristics in their sedimentation patterns, which we
ascribe to earthquakes. Coseismic effects of large sea-
floor rupturing earthquakes, including permanent defor-
mation along the fault and shaking, are dominant factors
for the infilling history of the basins.

3.2. Earthquake signature in small transform basins

The Holocene record of the Ganos segment of the
NAF was surveyed about 2 km away from the shoreline
g the path of the NAF across the shelf. The NAF bisects the 40 m deep
cation of cores and lines mark subbottom profile tracks. Also shown the



667C.M.G. McHugh et al. / Earth and Planetary Science Letters 248 (2006) 661–684
and 40 km from the 1912 earthquake area of maximum
disruption on land. The sea-floor expression of the NAF
across the shelf and slope (from 35 to 150 m of water
depth) is manifested by a deep (15 m), narrow (100 m)
furrow that opens into a circular basin 1 km in diameter,
40 m deep, followed by a smaller elongated basin
(100 m wide, 300 m long, 10 m deep; Fig. 2). Further
east, mass-wasting obscures the fault trace across the
slope leading to the Tekirdag Basin. The westernmost
and largest basin, informally named here Ganos Basin,
has a steep (30°) southern wall covered by 5 m of
Holocene hemipelagic sediments and a less steep
northern wall (14°) draped with at least 20 m thick
Holocene sediments. The NAF bisects the Ganos Basin.
Kinematics on this portion of the NAF is transtensional
and the basin is thought to be controlled by a shallow-
rooted listric border fault closely coupled with the main
branch of the NAF [34].

The floor of the Ganos Basin is underlain by a
characteristically intercalated sequence of sand-rich
layers that fine upwards and mud (Figs. 3 and 4). The
sand-rich layers are initiated by a sharp basal erosional
Fig. 3. 210Pb and 137Cs short-lived radioisotope chronology of core
GA45. The core was recovered with an undisturbed sediment water
interface near the center of the large Ganos Basin. The upper 40 cm of
the core are not reworked and the 137Cs counts permit to resolve the
1965 global fall-out peak due to nuclear testing and the 1986
Chernobyl nuclear reactor event. The 210Pb chronology is not well
resolved due to sediment reworking. A radiocarbon age of 1850 (with
large error bars) at 110 cm tentatively marks the 210Pb decay.
contact that is overlaid by multiple millimeter to
centimeter thick laminae of fine-grained sand and
coarse silt that grade into a thick wedge of
homogenous medium- to fine-grained silt. These
fining-upwards sequences tend to have a higher
percentage of total organic carbon content (up to
2.5% TOC) than the pelagic sediments (1.5% TOC)
and are separated from each other by thin beds of
foraminifera-rich clay (average 5 cm). These sand-rich
deposits are analogous to “homogenites” first
described for the Mediterranean Sea [80] as an
acoustically transparent unit characterized by an
erosional base and a series of sandy layers that fine
upwards. The homogeneous sediment associated to
these deposits tends to be thicker than the sand and silt
beds and therefore the deposits are called homogenites
even though they contain coarse-grained beds and
laminae. Homogenites have been associated to earth-
quakes and tsunamis in several tectonic setting [80–
82,51–54] and were recently described for Central
Basin of the Marmara Sea [83].

This study provides evidence for homogenite deposi-
tion in the Marmara Sea that can be directly linked to
historical earthquakes in Ganos, Tekirdag and Central
Basins. In the Ganos Basin, we identified three
homogenites that have tentatively been correlated to
regional historic earthquakes: the large 1912 rupture
across the Gelibolu Peninsula and into Saros Gulf and
the smaller 1965 and 1859 events confined to the Gulf of
Saros, 60 km away (Figs. 3 and 4). The 1912 Ganos
homogenite can be traced on the chirp profiles through-
out the basin floor as a thick deposit (∼3 m) that
truncates subparallel seismic reflections near the south-
ern margin of the basin (Fig. 5). Core 45 sampled the
thinner edge of the deposit to the north (Fig. 5). The
homogenite deposit overlays folded and offset seismic
reflection surfaces at the fault trace. These disrupted
reflectors are interpreted as the 1912 earthquake rupture
on the floor of the basin. We therefore classify the event
as a “seismite” (i.e.,[84,85]). The land rupture was
mapped from the shoreline, 5 km westward from the
Ganos Basin, for 40 km across the Gelibolu Peninsula to
the area of maximum reported damage. A lobate feature
beneath the 1912 homogenite deposit is interpreted as a
mass-wasting event that was subsequently disrupted by
the earthquake and was probably generated by an older
event. An age model for the upper 50 cm of undisturbed
sediment indicates average linear sedimentation rates of
0.5 to 1.0 cm/yr (Fig. 4). Tectonic subsidence is likely to
be even faster otherwise the 40 m deep young basin
would have been filled by sediment in approximately
8000 to 4000 yr.



Fig. 4. Grain size variability ranging from fine-sand to fine-silt and an increase in the total organic carbon of the sediments (TOC%) permit to resolve
three homogenite deposits (40–44 cm, 60–92 cm, 100–112 cm). The homogenites are initiated by a sharp basal contact overlaid by multiple sand-
and silt-size laminae that fine upwards to a thick wedge of homogenous fine-grained silt. The homogenites are separated by thin beds of clay (5–
10 cm). Short-lived radioisotopes and radiocarbon chronology permit to construct an age model for correlation of the homogenites to the historical
record of earthquakes: the large 1912 Ganos event Ms>7 that lead to the deposition of a 30 cm thick homogenite and two smaller events that occurred
in the Gulf of Saros. Sedimentation rates of 1 cm/yr were calculated for the upper 40 cm of the core that is apparently undisturbed.
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3.3. The long term earthquake record of the deep
transform basins

The largest and deepest basins in the Marmara Sea as
well as all of the basins studied in this work are
associated with the northern branch of the NAF.
Structurally, most basins in the Marmara region are
located on the releasing side of bends on strands of the
transform [29,86,34]. In order to account for the
extension, these fault segments are typically non-
vertical and slip obliquely with dip-slip components
that decrease away from the bend. They thus serve as
border faults of oblique half grabens that tilt toward the
fault and toward the bend. Consequently, these basins
are typically triangular with depocenters at the narrow
and youngest end of the basins near the fault at the bend
[34]. The structural evolution of these transform-bend-
related basins is most likely preserved in the sedimen-
tary record of their depocenters and represented a critical
target in our coring strategy.

Sediments were recovered from cores near the depo-
centers of Tekirdag and Central Basins (∼1200 m) and
from a smaller and shallower (900 m) Kumburgaz Basin
(Fig. 1). The major goal was to test whether the basins
contained a record of all large-scale earthquake events
that occurred within the Marmara Sea region with
Ms>7 and to identify the signature of these events in the
stratigraphic record. We concentrated our efforts in
cores recovered near the depocenters because analyses
(grain size, TOC, calcium carbonate) showed that cores
recovered near the slope and in the shallower Kumbur-
gaz Basin are composed mostly of reworked sediment



Fig. 5. (A) Subbottom CHIRP profile GA13 across the large Ganos Basin showing location of core GA45. Correlation of the subbotttom profile to the
lithology indicates that the core recovered the thin edge of a much larger and thicker (3–5 m thick) homogenite and/or mass-wasting deposit that
extends throughout the basin floor truncating seismic reflectors towards the southern part of the basin. We interpret the homogenite/mass-wasting
deposit and the disrupted and off-set seismic reflectors beneath as sea-floor ruptures related to the 1912 earthquake event. A lobate deposit beneath is
interpreted as an older event indicating that these basins may contain a record of local fault ruptures. The NAFZ bisects the basin. (B) Close-up of the
1912 homogenite/mass-wasting deposit vertically disrupted and possibly folded strata beneath, and older event.
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and contain numerous turbidites that were probably
derived from climatic events such as floods and shelf
downslope transport, thus complicating the identifica-
tion of earthquake-related events [87,88]. These turbi-
dites are normally graded but differ from the
homogenites in that they are thin-bedded (average
1 cm thick), do not contain multiple laminae, and are
not capped by a wedge of homogeneous sediment. In
contrast, the cores recovered near the depocenters of
Tekirdag and Central Basins contain homogenites that
can be correlated to the historical record of earthquakes
in both basins (Fig. 6).

The basal part of the 3 m long cores contains
sediment layers about 10 cm thick, dark green to black
and with average total organic carbon content (TOC) of
1% (Figs. 7 and 8). These layers are iron-rich but can
also be interpreted as sapropelic, meaning layers of
similar color and thickness as sapropels but that contain
less TOC, from 0.5% to 2%. Sapropels were identified
in the Marmara Sea as phosphorescent green to gray
sediments having >1 cm in thickness and >1.5% TOC
[89]. We obtained a radiocarbon age of 2930 BP above
the iron-rich layers, indicating that they are slightly
younger than the youngest sapropels dated 3500 14C yr
BP [89] (Table 1). In Central Basin, the sediment above
the iron-rich layers contains two homogenite deposits
separated by beds of clay only a few centimeters thick
and with abundant foraminifers. These foraminiferal-
rich layers are interpreted as undisturbed pelagic
sedimentation and provide the 14C chronology needed



Fig. 6. Calibrated ages to AD ranges. Plots show error bars based on Calib. 5.0.2 program [61–64]. The y-axis shows the depth in a core, the x-axis
the calibrated years. The red lines indicate an earthquake event. (A) Tekirdag and Central Basins, (B) Hersek Peninsula, (C) Izmit Gulf. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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to correlate the homogenites to the 740 AD and 1343
earthquakes [19–23] (Table 1, Figs. 6 and 7). In
Tekirdag Basin, we documented from the grain size
variability and inverse stratigraphy (old over young)
several intervals of reworked sediment above the iron-
rich layers (Fig. 8). One of these deposits has been
tentatively correlated to the 1063 historical earthquake
(Figs. 6 and 8, Table 1). The upper 50 cm of both cores
are within the reach of both 137Cs and 210Pb chronology
and reveal both the 1986 Chernobyl release peak and the
1965 nuclear testing global fall-out (Figs. 7 and 8, [65–
67]). The chronology derived from short-lived radio-
isotopes and sedimentation rates calibrated to the
stratigraphy in both Tekirdag and Central Basin cores
show a sharp discontinuity at ∼30 cm interpreted as an
erosional event. This event can be correlated in both
basins to the 1912 earthquake. However, more cores are
needed to characterize the 1912 event more precisely in
Tekirdag and Central Basins. Generally, event-horizons
associated with earthquakes exhibit both erosion and
deposition. This kind of mixed response may character-
ize cores that sample the ‘basin floor, but not necessarily
the current slope-less depocenter where gravity flows
such as homogenites are ultimately transported and
deposited.

3.4. The record of recent earthquakes west of the
Hersek Peninsula

The Gulf of Izmit west of the Hersek Peninsula was
surveyed for evidence of Holocene faulting and three
cores K1, K2 and K3 were recovered at water depths of
35 m (Fig. 9). All three cores contain a mass-wasting
deposit at about 40 to 60 cm below the sea-floor (Fig. 9).
The deposit is composed of coarse sand in a muddy
matrix with floating clay clasts and Turrietela sp. (a
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gastropod of shallow water affinity). The basal contact is
a pronounced scour surface. Core K2 is fractured from
the base of the sandy mass-flow at 60 cm to about 20 cm
below the surface. Radiocarbon ages obtained from
mollusks above and beneath the sandy mass-flow were
correlated to the historical record of earthquakes and
show evidence of two possibly three events. The basal
part in both cores K1 and K2 correlates with the 1509
earthquake (Figs. 6 and 9). The upper part of the sandy
mass flow correlates with the 1766 earthquake. The
fracture is younger than 1860 and could have resulted
from the 1894 earthquake, which devastated the coastal
region from the Gulf of Izmit to the northeast side of the
Marmara Sea [20]. Core K2 has a complex stratigraphy
that we interpret as mixing and reworking of the deposit
by two events and younger fracturing.

3.5. Sediment erosion linked to earthquakes in the gulf
of Izmit

The stratigraphic record of the Gulf of Izmit provides
information about the processes that dominate the
sedimentation of submarine transform basins. The
central basin has a narrow southern shelf, a broad
northern shelf and two subbasins (Figs. 9 and 10). The
floors of the subbasins are flat and subbottom profiles
show that seismic horizons are progressively tilted
toward the fault and are truncated opposite to the fault
and onlap the fault (Fig. 10). Commonly, an acoustically
transparent layer that extends across the basin overlies
these truncated reflectors. Correlation of seismic images
to the lithology and chronology derived from the cores
shows that the truncated seismic horizons correspond to
scour surfaces overlaid by medium to coarse-grained
sand beds that are 5 to 10 cm thick. These sandy
deposits are separated by intervals of homogeneous mud
that we interpret to correspond with the acoustically
transparent horizons on the chirp records. Two such
events were dated by radiocarbon and the calibrated
ages were correlated with the 181 AD and 740 AD
earthquakes [19–23]. The upper meter of the core
contains a mass-wasting deposit near the top that could
potentially have resulted from the 1999 Izmit and/or
Duzce earthquakes, but the core was not available for
dating. Lack of a more complete record of historical
earthquakes in Izmit Gulf is again ascribed to incom-
plete sampling of the depocenter areas.

3.6. Vertical motion along the Southern Boundary Fault

One of the major goals of the research was to use
high-resolution bathymetry and subbottom profiles
coupled to sediment data to quantify fault motion;
both strike-slip and vertical components. The Marmara
Sea consists of a series of semi-isolated basins that are
separated by sills and offers an ideal set of reference
horizons. During the late Pleistocene–Holocene glacial
cycle when global sea-level dropped below the 87 m
Dardanelle's Sill, Marmara was isolated from the global
ocean and became a fresh-brackish water lake
[90,91,76,77]. As such the paleoenvironments of
deposition (rivers, estuaries, deltas, beaches), faunal
(mollusks, foraminifers, ostracods) and floral (diatoms,
pollen) assemblages changed from marine to brackish-
fresh water and to marine providing excellent time
markers. We surveyed the Imrali shelf along the
Southern Boundary Fault and the acoustic images
clearly show footwall collapse and an active normal
fault scarp (Fig. 11). Surficially, fault activity is
manifested by a series of rotational slumps concave
towards the basin. The steep slope that is created by the
active normal fault, however, probably triggers these
slumps. Core IM05 was recovered from 150 m of water
depth at the base of one of these scarps (Fig. 11). The
sediments, floral and faunal assemblages in this core
recorded the transition of the Marmara brackish lake to
the Marmara Sea and provided indicators of paleowater
depths [92]. Calibrated radiocarbon ages provided an
age of 14.0 ka BP for the marine flooding of Marmara
Lake [92].

Based on the chirp records we were able to measure a
vertical offset of 30 m by tracing seismic reflections
(Fig. 11). Fifteen meters of footwall collapse were
quantified along a fresh looking scarp. Fifteen meters of
vertical offset are attributed to a receding normal fault
scarp. A fault scarp that increases in height due to fault
slip can explain the mechanism for failure. The footwall
fails progressively further from the original fault, thus
effectively shallowing the dip of the upper portion of the
fault. This type of failure is expected if the fault surfaces
in weak strata as the Miocene–Pliocene clay-evaporite
formation that outcrops nearby the Imrali shelf on the
north side of the Armutulu Peninsula. Based on the
14.0 ka BP age determined for the marine flooding
surface, a rate of 1 mm/yr was calculated for the 15 m of
vertical displacement due to footwall collapse. Possibly
an additional 1 mm/yr could have resulted due to the
receding normal fault scarp. After reconstruction of
30 m of vertical offset due to faulting processes, core
IM05 is at −120 m of water depth and the paleoshore-
line at −95 m possibly as deep as −120 m (Fig. 11). This
means that, at the time of the marine flooding, core
IM05 was at paleowater depths of approximately −35 m
and the paleoshoreline was at a depth of −8 m below the
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Fig. 8. Core C8 from Tekirdag Basin. Short-lived radioisotopes, sedimentation rates, photo, lithology and radiocarbon age (in calendar years) permit
to identify several intervals of reworked sediment. The event bracketed between 65 and 55 cm has been correlated to the 1063 historical earthquake. A
surface at 30 cm is related to the 1912 event.
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Dardanelles outlet sill and possibly as low as −35 m.
This paleowater depth is consistent with paleoshorelines
present along the northern and eastern shelves that lie
below the level of the Dardanelles outlet sill of −87 m
and suggest a drawdown of Marmara Lake prior to the
marine flooding [93]. These findings are also consistent
with the fauna contained in the lake stage of Core IM05
because the Dreissina rostriformis banks recovered
from the core thrive in water depths of 0 to −35 m (Fig.
11) [94,95].

4. Discussion

4.1. Submarine earthquake geology in transform basins

Small transform basins such as the Ganos Basin
along the NAF are excellent paleoseismic sites to
document earthquake ruptures specific to those fault
Fig. 7. (A) Core C4 recovered near the Central Basin depocenter: grain size, to
and interpretation permit to identify two homogenites. (B) Sedimentation rate
and near the top. The age derived for short-lived radioisotopes and radiocarbo
and 1340 AD events. An erosional surface is possibly related to the 1912 ev
segments and to compare the structural effects of
earthquakes (e.g., strata offsets and truncations) with
sedimentation effects (e.g., homogenites, mass-wasting
deposits). First, these isolated basins intersect the fault
trace and record preferentially local processes including
earthquake ruptures, sediment failures and resuspen-
sion. In the Ganos Basin correlation of the stratigraphic
data to the geophysics provided a powerful tool that
permitted to map the 1912 earthquake rupture and
seismite. Furthermore, the data suggest that deeper
mass-wasting deposits may be related to older ruptures.
Longer cores should permit to resolve this issue in the
future. The Ganos Basin is 60 km away from the Gulf of
Saros; therefore, it is not surprising to find the
sedimentary effects of earthquakes associated to the
Gulf of Saros in its stratigraphic record. However, the
homogenites correlated to the Gulf of Saros earthquakes
are not associated to sea-floor deformation and rupture
tal organic carbon and calcium carbonate percentages, lithology, photo
s are fast (0.1 to 0.76 cm/yr) within the interpreted homogenite deposits
n calibrated to years AD permits to link the homogenites to the 740 AD
ent.



Fig. 9. (A) Multibeam bathymetry of Izmit Gulf, Central Basin, also called Karamursel Basin, Hersek Peninsula and part of the Western Basin [18].
Also shown location of studied cores, the North Anatolia Fault, Reidel faults and three en-echelon folds associated to the NAF. (B) Close-up of box
shown in “A” with bathymetric contours and core locations. (C) Calibrated ages, photo, lithology and historical earthquake events of core K2.
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as the 1912 seismite. Second, these young basins are
tectonically very active. The sedimentation rate in the
Ganos Basin was calculated at 0.5 to 1.0 cm/yr. Yet, the
depth of the basin is 40 m below the surrounding sea-
floor, suggesting that subsidence is very rapid, faster
than its sedimentation rate. Therefore, these small basins
have the potential to provide a high-resolution record of
seismic activity. Third, as a result of the high
sedimentation rates, a chronology can be effectively
obtained from the sediments by using short-lived



Fig. 10. Subbottom profile Line IZ26 across Izmit Gulf showing seismic reflections that onlap and are tilted towards the fault. Strata is truncated
towards the southern margin where slumping occurred. Continuous seismic reflections drape the truncated strata. Correlation to the lithology links the
coarser sand beds to earthquake events that led to scour of the basin floor. 14C chronology shows that only surficial sediments are reworked. We linked
two of the sand beds to the 181 AD and 740 AD earthquake events. The sand beds are separated by muddy intervals that represent the continuous
seismic surfaces that drape the basin. Stratigraphic relations suggest that the event at the top of the core may be the 1999.
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radioisotopes and radiocarbon. Fourth, their formation is
controlled by the fault rather than downslope processes
and therefore the sediments are not as influenced by
terrestrial drainage as those of a shelf or slope [87,88].
Holocene deposits from the Ganos Basin lack shore
facies sediments such as coarse sands and mollusk shells
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Fig. 12. Map of the Marmara Sea region showing the North Anatolia Fault northern and southern branches. The red dots represent the estimated
location of earthquake epicenters based on historical accounts [19–23]. The location of our cores is marked by a blue dot. The events that we were
able to correlate to the historical record are colored: Ganos (green), Tekirdag Basin (blue), Central Basin (purple), Cinarcik Basin (orange) and Izmit
Gulf (gray). Note the correlation between the areas of maximum damage reported and the location of events we identified. Based on these initial
results, we propose that the sedimentary record of large earthquakes is localized to proximal regions to a rupture and that with a high density of cores
this record can be used to determine fault segmentation and recurrence interval.
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and large pieces of wood material indicating isolation
from possible storm derived terrigenous sedimentation
events. The 1912 event has been well documented along
the Gelibolu Peninsula [21,22,43,44] and the Ganos
Basin provides compelling evidence that the rupture
extended across the shelf in the western Marmara Sea
and supports prior studies that it did extend into
Tekirdag Basin [29,43,44].

An unexpected result is that the sampled stratigraphy
of the larger Tekirdag and Central Basins did not
preserve a record of all earthquakes reported within the
Marmara Sea region with estimated magnitudes greater
than 7 as was anticipated. More significant for
paleoseismology is that the floors of these basins
contain the record of those earthquakes with reported
areas of maximum damage within the surrounding area
(Fig. 12). This suggests that the fill of a transform basin
has the potential to document earthquake ruptures along
the bounding fault segments. Evidence for this was
documented in Tekirdag Basin where a deposit
composed of reworked sediment can be linked by
radiocarbon dating and grain size variability to a severe
earthquake that affected the north coast of the Sea of
Marmara in 1063 (Fig. 12). We therefore interpret this
stratigraphic event as earthquake-related. The area of
Fig. 11. (A) 3-D perspective view of the Imrali Shelf constructed from multib
of rotational slumps concave towards the basin and the location of Line imc04
fault scarp. Profile also shows slumping along a steep slope possibly created b
present water depth. (C) Sediment in core IM05 shows no deformation and t
base to top of the core: of a barren lake; a lake with brackish water assemblage
sand bed. Above, there is an abrupt change to marine fauna and flora (mod
identified the Holocene drape between modern sediments traced in turquois
traced in brown and dated at 14.0 ka BP. We reconstructed the chirp line fo
13.5 m due to sediment sliding. After reconstruction, core IM05 is at −120
maximum damage reported by Ambrassey and Jackson
[35] for the 1063 event is to the northwest of Marmara
Sea adjacent to Tekirdag Basin. In Central Basin, a
homogenite can be linked to the 1343 earthquake event
(Fig. 12). The area of maximum damage documented
for the 1343 earthquake by Ambraseys and Jackson
[19–23] was north of Marmara Sea and west of the
Central Basin. Our results coupled to the studies of
Ambraseys and Jackson [19–23] suggest that the
segment that ruptured in 1343 ruptured the fault branch
in the vicinity of Tekirdag and Central Basins.
Homogenites from Central Basin and Izmit Gulf are
linked to the 740 AD event, which has a documented
area of maximum destruction and observed tsunamis to
the south of Izmit Gulf and Cinarcik Basin (Fig. 12).
This suggests that the 740 AD was a particularly large
earthquake that ruptured the NAF through the Gulf of
Izmit and the eastern Marmara Sea.

Evidence for recent activity was found west of
Hersek Peninsula where sandy mass-flows were corre-
lated to the 1509 event and 1766 earthquake located in
the east part of the Marmara Sea (Fig. 12). The 1509
event was particularly destructive and considered a
major event with Ms>7.2. Most importantly, the area of
greatest destruction was reported near Istanbul and its
eam bathymetry and illuminated to the south. The image shows a series
-06. (B) Line imc04-06 shows footwall collapse along an active normal
y active normal faults. Core IM05 is at the base of the scarp at 150 m of
he lithology, faunal and floral assemblages provide evidence from the
s; a marine flooding surface dated at 14.0 ka BP and noted by a pebbly
ified after [92,93]). (D) Based on the core data and chirp profiles, we
e and the low-stand late Pleistocene paleoshoreline of Marmara Lake
r 15 m of vertical fault offset, 1.5 m of fault related displacement and
m of water depth and the paleoshoreline at −95 m.
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epicenter is commonly proposed in Cinarcik Basin
[8,21]. The 1766 earthquake, with Ms>7.2, is also
inferred to have had an epicentral region west of
Istanbul in Cinarcik Basin. The areas of most damage
associated to the 1509 and 1766 events were reported at
∼40 km from the Hersek Peninsula.

The 181 AD earthquake caused destruction in
Nicomedia (Izmit) and the damage extended to the
southeast region of Mudurmu [19]. The damage was
concentrated to the east and southeast of Izmit Gulf for
the 181 AD as well as that of the 1999 earthquakes (Fig.
12). We found concrete evidence for 181 AD and 1894
events in Izmit Gulf (Karamursel Basin and West of
Hersek Peninsula) and based on stratigraphic relations
possibly the 1999 event (not confirmed by dating).
These results indicate that there is a remarkable
correlation between the reported historical data and
our findings in the Marmara Sea and show that not only
large earthquakes are recorded in the sedimentary record
but they also can point to the general region of a rupture.

4.2. Sedimentation model for transform basins

The transform basins of Marmara Sea of large,
intermediate and small size share distinct characteristics.
They are typically asymmetric, their slopes are steep and
their floors are gently tilted, except for a relatively small
and remarkably horizontal depocentral area that is
currently receiving gravity-flow sediment. Seismic
profiles and core data indicate that the basin floors
generally consist of a stack of characteristic packages
that exhibit a small-scale internal stratigraphy similar to
the homogenites described by Kastens and Cita for the
Mediterranean [80]. We propose that these packages are
typical of the basins depocenter and represent the
signature of large earthquakes that dominate the
sedimentation of transform basins. We outline a model
that relates meizoseismal effects with the observed
internal stratigraphy of the units, within the context of
basin evolution in the Marmara Sea (Fig. 13). A large
earthquake moves the sea floor over a wide frequency
range, from shaking to permanent changes in morphol-
ogy. Submarine effects of shaking at high acceleration
are not yet well documented, but include: (1) fluidiza-
tion of unconsolidated sediment as documented in mud
volcanoes (e.g., the eruption of mud volcanoes in
Makran Coast, as a result of the Pakistan earthquake
[96] and in Izmit Gulf [18]); (2) fracturing and mass-
wasting of the slope (e.g., extensive fracturing and mass
wasting was observed in association to the Sumatra-
Andaman earthquake [97]; mass-wasting linked to the
1929 Grand Banks earthquake is very well characterized
[98]); (3) high-velocity turbidity currents down these
slopes (e.g., 1929 Grand Banks earthquake turbidity
current) reached velocities of >60 km/h [99]; (4) scour
of canyons and channels along the slope and on the
basin floor (e.g., in the Cascadia subduction zone where
turbidites eroded the canyons and were linked to
specific events [13]); and (5) long-lasting suspension
of sediment [100,101]. Sediment fluxes measured in
Cariaco Basin after a seismically induced turbidite in
1997 showed high sediment concentrations in the water
column for 1 month after the earthquake [100]. Low-
frequency motion and vertical deformation of the sea-
floor cause tsunamis and seiches [97]. Relatively slow
and long-lasting internal seiches are likely in the
Marmara Sea, which is characterized by the high-
density contrast between saline Mediterranean water
and fresher Black Sea water [89–91]. These density
contrasts are accentuated by sediment suspended during
an earthquake that magnify the effects of internal
seiches and by the semi-enclosed morphology of the
basins that tend to contain the internal waves.

The sedimentary structures of homogenites, initiated
by a sharp basal contact overlaid by multiple sand
laminae that fine upwards into a thick wedge of
homogenous mud, reveal how earthquakes can be the
primary cause leading to the deposition of these unique
deposits. After a time measured in minutes to hours,
mass-wasting (slides, slumps and debris flows) and
high-velocity turbidity currents bearing coarse sediment
would reach the basin depocenters along the boundary
fault. Although erosion may be extensive along the
slope and canyons, it is not pronounced in the basin
floors where surficial sediments are entrained and
reworked ((Figs. 7 and 8, 10 and 13)). The strong sea-
floor shaking resuspends large quantities of sediment
including sands and coarse silts derived from the shelves
and canyon floors that lead to the deposition of the
coarse laminae in the homogenite (Fig. 13A,B). Thus, at
the end of the mass-wasting process, much of the
sediment comprising the future homogenite should be
suspended above the basin floor. Sedimentation will
then proceed from the coarsest to the finest suspended
sediment. Low dissipation internal seiches may develop
during the strong seismic shaking and continue long
after the earthquake causing periodic currents near the
sea-floor that punctuate the sedimentation process with
resuspension events, yielding the layering characteristic
of a homogenite (Fig. 13B,C). The fine-grained
sediment stirred into suspension by the event could
take months after an earthquake to settle forming the
thick homogenite deposits that drape the basins. In this
model, the basin margins have thin accumulations of



Fig. 13. Sedimentation model for transform basins. (A) Basin depocenters contain a characteristic sequence of multiple sand rich layers that fine
upwards into a thick deposit of homogeneous mud. These deposits called “homogenites” are similar to those described by Kastens and Cita [80] for
the Mediterranean and represent the signature of large earthquakes that dominate the sedimentation of these basins. (B) An earthquake events trigger
failures of the slope (slides, slumps, debris flows) eroding and resuspending sediment. The suspended sediment is gravitationally sorted by seiche
currents forming the typical “homogenite” deposit found in the basin floors. The fine-grained material could take months to settle. Pelagic deposition
separates the homogenites. Frequent earthquake activity sheds sediments uncovering the slopes and leading to differences in sediment thickness
between the margins and depocenters. (C) Typical of semi-enclosed transform basins are the flat floors, onlapping contacts along the boundary fault
and steep walls. Rapid, asymmetric subsidence alone could not preserve a flat bottom. Frequent smoothing by seiche currents is thought to be the
cause for the flat, smooth basin floors.
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sediment due to frequent resuspension by earthquake
activity while the basin floors, especially the depocen-
ters, accumulate thick sedimentary deposits. These
observations are consistent with sedimentation rates
documented by [76,102] and this study that quantified
sedimentation rates of 7.5 to 2.5 mm/yr in the basin
floors and 0.7 mm/yr on the basin slopes and shoulders.
By these processes, submarine earthquakes are thought
to cause the upward fining series of sandy and silty
layers and lead to the deposition of thick wedges of fine-
grained sediments that are characteristic of a homo-
genite. In the Marmara Sea, only thin (∼1 cm) beds of
pelagic deposition are preserved in between events.
These beds can be identified by clay-sized particles and
foraminifers and constitute key horizons for dating
earthquake events.

The morphology of the basins' floor typifies semi-
enclosed transform basins and earthquake-dominated
sedimentation. A gentle slope over much of the basins'
floors is generally related to tilting and warping of the
basins. In addition, a remarkably horizontal area, the
current depocenter of gravity-flow sediment, is clearly
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distinguished by high-resolution bathymetry within the
basins' floors. These depocenters typically abut the trace
of the transform. Sediments form sharp onlapping
contacts along the margins of these depocenter areas
(Figs. 1, 2, 5, 9 and 10) and do not exhibit sediment
aprons and fans extending from submarine canyons and
the base of the slope, which characterize most other
basins. Rapid, asymmetric subsidence along boundary
faults alone could not preserve a flat bottom. The filling
of accommodation space created by tilting of the basins
by thick homogenite deposits and frequent smoothing
by earthquake-triggered seiche currents are thought to
be the cause for the horizontal, smooth topography of
the sea-floor in these transform basins. The steep-sided
walls and asymmetric patterns of the transform basins
are primarily controlled by tectonic activity along faults.

The stratigraphic relations indicate that earthquake
induced mass-wasting and homogenite deposits may
mask evidence of rupture on the basin floor. Thus,
subbottom profiling is necessary to detect a rupture and
establish its spatial relationwith coeval strata related to the
same event. Only then, samples can be reliably targeted to
date the event. High-resolution geophysical images
coupled to precise sampling of sediment are the basic
requirements to identify submarine earthquake ruptures.

4.3. Quantification of tectonic activity in transform
basins

One of the major goals of this study was to quantify
deformation along the submarine portion of the NAF.
The integration of geophysics, stratigraphy, and paleo-
ceanography has proven to be an effective method to
quantify vertical displacement along the Southern
Boundary Fault in Imrali Basin (Fig. 11). A footwall
collapse of 15 m measured at the active normal fault
scarp indicates a rate of motion of 1 mm/yr in the past
14.0 ka. If the 15 m of vertical offset documented as
sliding of blocks is also related to normal fault activity,
the rate of vertical displacement can be as high as 2 mm/
yr (Fig. 11). The same approach has proven effective in
other areas of the Marmara Sea. Offset channels along
the NAF in Izmit Gulf were used to measure a minimal
dextral strike-slip rate of 10 mm/yr since the Marmara
Lake stage [12]. The combination of progressively tilted
paleohorizontal surfaces and vertical offset of dated
marker horizons, such as the lacustrine paleoshoreline
on the shelf and the corresponding gravity-flow
sediment horizon near the basins' floor, has quantified
oblique-slip kinematics on several segments of the
northern branch [18,34]. This pioneering work demon-
strates that marine techniques are effective in mapping
fault kinematics along a continental transform and is
expected to lead to further studies that will fully evaluate
vertical and strike-slip deformation of the North
Anatolia Fault.

5. Conclusions

An initial effort to understand the sedimentary
signature of large earthquakes along segments of the
NAF in the Marmara Sea has proven successful: (1) we
documented evidence for large historical earthquakes
that occurred in 181 AD, 740 AD, 1063 AD, 1343 AD,
1509 AD, 1766 AD, 1894 AD and 1912 AD; (2) the
1912 earthquake rupture was documented in the small
transform basin along the Ganos Fault segment of the
NAF; (2) the deepest part of the larger Tekirdag and
Central transform basins contains a record of strong
earthquakes (Ms>7) that occurred along fault segments
bounding each basin (1063 AD for Tekirdag Basin, and
740 AD and 1343 AD for Central Basin). This result
was unexpected but most promising because it has the
potential of documenting which fault segment ruptured
when, and the recurrence interval of large events on
these fault segments; (3) sedimentation in these trans-
form basins is dominated by earthquake-induced
homogenites and seiche-currents that maintain a flat
basin floor; (4) the finest grain size (clay) in the
Marmara basin-floor sequences is representative of
pelagic sedimentation and should be targeted for
radiocarbon dating because it has the largest abundance
of foraminifers; (5) sedimentation rates are very high, up
to 0.5 to 1 cm/yr at the depocenters. Subsidence rates are
likely to be even higher and thus to be of comparable
magnitude to the horizontal component of slip along the
transform. This suggests that the basins are very young;
(6) we documented evidence for the 1509 AD, 1766 AD
and 1894 AD earthquakes, postulated to have occurred
in the vicinity of Cinarcik Basin and the Gulf of Izmit,
west of the Hersek Peninsula; and (7) we quantified
vertical deformation of 1 mm/yr in the past 14.0 ka
along the Southern Boundary Fault by integrating
geophysics, stratigraphy and paleoceanography.

This study characterizes ideal sampling sites for
submarine earthquake geology. It is critical to target the
basin depocenter for maximum thickness of earthquake-
related sediments and for avoiding erosional disconti-
nuities. High-resolution geophysics and understanding
fault kinematics are prerequisites because the depocen-
ters are generally much smaller than the basin's floor
and typically shift along strike in these transform basins.
Core profiles are needed to ensure section completeness
and to investigate lateral variations in the internal structure
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of each erosional-depositional event. Whether a basin
preserve the record of all large ruptures in that basin
remains to be shown, but preliminary results suggest a
close correspondence and that coseismic deformation of
the sea-floor may have an important role in generating
seismites. Closely spaced transects of precisely positioned,
long cores across asymmetric transform basins are needed
to investigate lateral variations in the internal structure of
each erosional-depositional event and to evaluate the
extent to which pelagic sediments are reworked into the
seismite. Such ‘3D sampling’ is also necessary to evaluate
progressive vertical offset and tilting across a fault.
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