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SUMMARY

The westernmost segment of the North Anatolian fault in NW Turkey lies mostly offshore,
in the Sea of Marmara and the Gulf of Saros (NE Aegean), respectively to the E and W of a
45 km inland central portion. The 9 August 1912 Miirefte-Sarkoy (M 7.4) and 13 September
1912 (M, 6.8) earthquakes occurred along this segment. To date, the segment was studied
mostly onshore although estimated magnitude and location suggest an offshore extension.
Recent studies show the eastern rupture extension in the Sea of Marmara, while its western
counterpart in the Gulf of Saros remains less documented. Here we use new observations from
high-resolution marine geophysical data (multibeam bathymetry, side-scan-sonar, and seismic
reflection profiles), to constrain the offshore 1912 ruptures in the Gulf of Saros. Detailed
mapping of the subaqueous fine-scale morphology and structure of the fault provides a new
insight for the western limit of the two 1912 surface ruptures. Distribution of fresh scarps,
3-D structural reconstructions, the complexity of fault segments, and the recent seismicity,
altogether suggest that the western termination of the 1912 rupture(s) ends 37 km offshore
in the Gulf of Saros. Following the 1999 Kocaeli earthquake, in the eastern Sea of Marmara,
the unruptured segment length between the 1999 and 1912 ruptures became a critical issue,
because of its implication for future earthquakes in the so-called Marmara seismic gap. If a
150-160 km total rupture length for the two 1912 earthquakes is assumed, a western rupture
termination point at the inner Saros basin margin means that the eastern extension of the 9
August earthquake rupture reached the Central Marmara Basin. This outcome necessarily has
implications for the seismic hazard in the Marmara coastal area that includes the Istanbul
metropolitan area.

Key words: Earthquake hazards; Palaeoseismology; Continental tectonics: strike-slip and
transform; Dynamics: seismotectonics; Submarine tectonics and volcanism.

determined. Well-documented surface ruptures of recent/historical

I INTRODUCTION earthquakes are a piece of supportive evidence that allows a better

Mapping active faults in areas where inland tectonic structures ex-
tend offshore can be challenging. On such conditions, a precise as-
sessment of a rupturing fault segment, which determines the poten-
tial maximum earthquake magnitude is difficult. A reliable hazard
analysis requires a detailed fault map as a fundamental base, where
geometrical fault complexities and related fault jogs (barriers) are

evaluation of the hazard. Tectonic-geomorphology and palaeoseis-
mology are approaches that are widely used inland, for this pur-
pose. Present-day marine geophysical technologies, dealing with
the seafloor and subseafloor imaging, have reached resolutions and
accuracies high enough to extend palacoseismological methods and
scales to the submerged environments (Polonia et al. 2002, 2004;

© The Author(s) 2021. Published by Oxford University Press on behalf of The Royal Astronomical Society. 589

€202 YoJeN 91 uo Jasn SHNO Aq £16+279/685/1/62¢/o101e/[B/wod dno dlwapede//:sdjy woy papeojumoq


https://orcid.org/0000-0002-7778-2018
mailto:ersenaksoy@mu.edu.tr

590  M.E. Aksoy et al.

Armijo et al. 2005; McHugh et al. 2006; Gasperini et al. 2011a,
2018,2021; Géli et al. 2021; Ribot et al. 2021; Ugarkus et al. 2011;
Yakupoglu et al. 2019).

The 1600-km-long North Anatolian Fault (NAF) consists of com-
plex fault geometries and traces of recent surface ruptures on both
inland and offshore sections and provides a good opportunity to
extend the well-established onshore palacoseismic studies to the
offshore. An important reason to seize this opportunity in this re-
gion is that the NAF below the Sea of Marmara is considered a
seismic gap, to be filled by a large magnitude earthquake in the
near future (Hubert-Ferrari et al. 2000; Parsons et al. 2000). This
implies a high hazard to the nearly 20 million inhabitants of Istan-
bul and the heavily industrialized area around the Sea of Marmara.
Here, in the Sea of Marmara, the NAF is segmented at different
scales (Le Pichon er al. 2001; Armijo et al. 2005; Gasperini
et al. 2021), and different scenarios regarding future earthquakes
in this region are possible (Hubert-Ferrari et al. 2000; Parsons
et al. 2000; Bohnhoff ef al. 2013; Ergintav ef al. 2014; Schmit-
tbuhl er al. 2015; Lange et al. 2019; Meghraoui ef al. 2021).
A key point is determining accurately the maximum length of the
Marmara seismic gap, which is delimited by the ruptures of the
latest eastern (1999 Kocaeli) and western (1912 Miirefte-Sarkoy)
earthquakes. The total length of the 1999 Kocaeli earthquake and
its offshore extension in the Sea of Marmara is well established
(Barka et al. 2002; Ugarkus et al. 2011; Gasperini et al. 2011a;
Cakir er al. 2003). However, the total length of the 1912 earth-
quake is less constrained. because only a 45-km-long section of the
NAF is located inland. The inland surface ruptures of the 9 August
1912 Miirefte earthquake (M,,: 7.4) related coseismic offsets of up
to 5.5 m are documented in earlier studies (Mihailovic 1927; Am-
braseys & Finkel 1987; Altinok ef al. 2003; Altunel et al. 2004;
Aksoy et al. 2010; Aksoy 2021). The destructive earthquake was
followed by a second large shock of M 6.8 on 13 September 1912
that occurred further west and caused noteworthy damage in the re-
gion (Ambraseys & Finkel 1987; Aksoy et al. 2010). The ruptured
segments in the Gulf of Saros and the total rupture dimensions of
these two earthquakes are controlled by the local tectonic structures
and by the moment magnitude of the earthquakes. Therefore de-
termining the western endpoint of the ruptures allows estimating
an eastern tip for the 9 August 1912 rupture and hence has im-
plications in evaluating the size of the seismic gap in the Sea of
Marmara.

This study presents new observations from high accuracy multi-
beam bathymetric data, high-resolution seafloor images (side-scan-
sonar), and shallow subsurface data (CHIRP) for the offshore con-
tinuation of the NAF in the Gulf of Saros. The new observations
allowed us to reappraise the location and dimension of the off-
shore sections of the 9 August and 13 September 1912 surface
ruptures.

2 THE NAF AND ITS WESTERN
SEGMENTS

The NAF is the largest and most active strike-slip fault system
in the Mediterranean region. The right-lateral transform boundary
fault is a product of the post-collisional convergence of Eurasia and
Arabia and accommodates the westward escape of the Anatolian
block at a rate of 24 mmyr' (McKenzie 1972; Reilinger et al.
2006). The westward motion is accompanied by an anticlockwise
rotation due to the backward retreat of the Hellenic slab (Armijo
et al. 1999; Chorowicz et al. 1999; Philippon et al. 2014) which

results in a widespread extension in the Aegean and western Turkey
(McKenzie 1972). The shear zone of the NAF widens from east
to west. In the Marmara region, it divides into two main branches
(Fig. 1, Barka & Kadinsky-Cade 1988; Armijo ef al. 1999). The
northern branch in the Sea of Marmara is the most active one
and is associated with several secondary normal faults and deep
basins (LePichon et al. 2001; Armijo et al. 2005; Sengor et al.
2005; Gasperini et al. 2021). Further west, the northern NAF is
exposed inland for 45 km as a linear narrow strike-slip defor-
mation zone (Ganos fault) and widens westwards in the Gulf of
Saros with two main splays (Fig. 2a, Kurt e al. 2000; Okay et al.
2004; Ustadmer et al. 2008; Aksoy et al. 2010; Gasperini et al.
2011b).

The 45-km-long inland section of the Ganos fault is a narrow
linear valley less than 1.5 km wide and trends N70°E (Fig. 2a).
Deformation is localized and well expressed by typical morpholog-
ical structures of strike-slip faulting (e.g. pressure ridges, shut-
ter ridges, stream offsets, step-overs with right or left stepping
jogs, releasing and restraining bends, back-tilted slopes and sag-
ponds). Locally, 1-10 m high-scarps signify the vertical component
of the fault. The linear fault geometry is continuous and extends
offshore into the Gulf of Saros (Fig. 2b). The 1912 surface rup-
tures along the Ganos fault have been well documented through
contemporary photographs, recent field investigation and trench-
ing studies (Mihailovic 1927; Ambraseys & Finkel 1987; Rockwell
etal 2001,2009; Altunel et al. 2004; Meghraoui et al. 2012; Aksoy
2021).

The detailed mapping of surface ruptures is an essential task for
determining the dimensions of seismic gaps in neighboring fault
segments. On the NAF, a westward propagating sequence of eight
earthquakes from 1939 to 1999 ruptured nearly an 1100-km-long
section of the fault. The associated surface ruptures are well doc-
umented in earlier studies (Pamir & Ketin 1941; Ambraseys &
Zapotek 1969; Ambraseys 1970; Barka & Kandinsky-Cade 1988;
Barka 1996, Akyiiz et al. 2002; Aydin & Kalafat 2002; Barka et al.
2002; Langridge et al. 2002; Rockwell et al. 2002; Kondo et al.
2005; Emre et al. 2020). The 17 August 1999 (M,, 7.4) earthquake
rupture extends offshore towards the east of the Sea of Marmara
until the eastern limit of the Cinarcik basin and represents the west-
ern tip of the sequence (Fig. 1; Ugarkus et al. 2011; Gasperini et al.
2011a). The 9 August 1912 Mirefte-Sarkdy earthquake (M, 7.4)
occurred west of the Sea of Marmara, along the Ganos fault segment.
The rupture broke the 45-km-long inland section and stretched out
into both directions; towards the Sea of Marmara and the Gulf of
Saros (Fig. 1). Field observations and palacoseismic trenches docu-
ment 5.5-m-right lateral displacement at Giizelkdy; located 5.8 km
west of the Marmara coastline (Altunel et al. 2004; Meghraoui
et al. 2012). Offshore studies in the Sea of Marmara contribute
to these observations providing evidence of fresh submarine earth-
quake scarps and homogenite deposition in the Ganos basin related
to the 1912 earthquake (Armijo ez al. 2005; McHugh et al. 2006;
Drab et al. 2012). In trenches near the coast of Saros, Rockwell
et al. (2001, 2009) determined ruptures related to the 1912 event
and calculated 4.5 m lateral coseismic displacement that suggests
an offshore rupture continuation (Fig. 2). Earlier studies estimated
56-160 km total rupture length for the 9 August shock (M, 7.4,
Ambraseys & Jackson 2000; Altinok ez al. 2003; Le Pichon et al.
2003; Altunel et al. 2004; Armijo et al. 2005; Karabulut et al. 2006;
Aksoy et al. 2010; Aksoy 2021). These estimations are based on
field observations and fault scale relationships using the earthquake
magnitude. Altinok et al. (2003) suggested a 56 km length for the
9 August rupture with its western limit at Kavak and eastern limit
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Figure 1. The North Anatolian Fault in the Sea of Marmara and the Gulf of Saros experienced several large earthquakes in the last century (yellow stars). The
white circles show the seismicity from 1900 to 2020 for My, > 3 events (source KOERI 2020). East of the Sea of Marmara, the two earthquakes in 1999 (M,
7.4 and 7.2) are the most recent destructive earthquakes of NAF. 17 August 1999 event, produced a bilateral rupture that extended into the Sea of Marmara,
reaching the Cinarcik basin (Ugarkus ef al. 2011; Gasperini et al. 2011a). On the West, the 9 August 1912 (M 7.4), 13 September 1912 (Ms 6.8), 1975 (M;
6.6), 1983 (M; 6.9) and 2014 (M,, 6.9) earthquakes are other potentially surface rupturing events along the western main branch of the NAF. The ruptures of
the 17 August 1999 (orange stripe) and the 9 August 1912 (yellow strip) form the seismic gap of the Sea of Marmara (Armijo et al. 2005; Aksoy et al. 2010).
Location and focal mechanism solution for 1912 events are from Ambraseys & Jackson (2000) and Aksoy et al. (2010) respectively. Other solutions for the
1975 earthquake are from Taymaz et al. (1991), the 2003 earthquake from Karabulut ez al. (2006), the 2014 earthquake from Konca et al. (2018). The red
circles highlight the 24.05.2014 earthquake seismic sequence from May 2014 to October 2014 (earthquakes are from EMSC 2020). The eastern limit of the
earthquake swarm coincides with the major bifurcation of the NAF in the Saros Gulf (image modified from Aksoy 2021).. I

north of the Tekirdag basin. A similar eastern endpoint has been
proposed by Le Pichon ef al. (2003) with an uncertain western
extension into the Gulf of Saros. Considering the offshore obser-
vations in the Tekirdag and Central basins Armijo et al. (2005)
estimated a rupture length at least 110-km long and possibly up
to 140 km if extended into the Gulf of Saros. Aksoy et al. (2010)
calculated a total length of 120+ 30 km for the 9 August rup-
ture combining the fault geometry, the earthquake magnitude (M,
7.4), slip distribution (4—5 m at east and west of the inland sec-
tion), and source duration (40 s) and estimated that a 40-km-long
rupture section lies in the Gulf of Saros (of the 9 August and 13
September shocks). The wide range of suggested rupture lengths
and variety of termination points leave the offshore extension of
the 1912 rupture a matter of debate, particularly in the Gulf of
Saros.

3 DATA AND METHODS

We collected high-resolution multibeam bathymetry, shallow-
penetration seismic reflection, and side-scan-sonar data onboard
of the R/V Urania of the Italian CNR (Consiglio Nazionale delle
Ricerche) during two cruises, in 2005 and 2011 (see cruise reports
for more details at http://ricerca.ismar.cnr.it/ CRUISE_REPORTS/S
RC/ISMAR-BOY/). The 2005 cruise surveyed the deeper sectors of
the Saros basin through 5- to 20-km-long NW-SE trending transects
between longitudes 26° to 26.7° (Fig. 2b). The cruise in 2011 over-
lapped the eastern part of the 2005 cruise and surveyed the remain-
ing shallower parts of the basin, between longitudes 26.5° to 26.8°.
All data were positioned using a DGPS (Differential Global Posi-
tioning System) and SEAPATH (Position, Attitude, Time and Head-
ing) system, and were corrected for offsets between the GPS antenna

and different transducers using gyrocompass and CMG data. Posi-
tioning errors were within =1 m. In the 2011 cruise, the swath
bathymetry was collected with a Kongsberg EM 170 Multibeam
echo sounder (70 kHz, 400 1 x 2°, 150° aperture, 2000 m range).
The high-resolution seismic reflection data were collected with 16
transducers Teledyne-Datasonics Chirp III Acoustic Profiling Sys-
tem, and a 1 kJ Geo-Source 1600 Ocean Depth Multi-Tip Sparker
System. We also tracked the fault with EdgeTech 4200 FS Sidescan
Sonar System (100/400 kHz) to reveal further details on potential
surface ruptures. The side-scan sonar data were mosaicked using
SwanMosaic 2.0 of the Communication-Technology company (Ce-
sena, Italy). The multibeam data uncertainties are depth-dependent,
ranging from 1 to 2 m in shallow waters to over 6 m in deeper parts
of the basin. The sub-seafloor images of the CHIRP data were ob-
tained using the open-source software package SeisPrho (Gasperini
& Stanghellini 2009). The collected data of the 2011 cruise were
combined with existing data from the 2005 cruise; for details see
Gasperini et al. (2011b) or the associated cruise report in the repos-
itory link given above.

The seafloor bathymetry map has been constructed using a sim-
ilar tectono-morphic approach as applied in inland fault sections.
The 2-D digital fault map has been prepared simultaneously with
subseafloor images and therefore provides a 3-D examination of the
fault structure (Fig. 2b).

Using the bathymetric map, side-scan-sonar images, and high-
resolution seismic data, we investigate the surface morphology and
fault geometry in 3-D for the superficial section of the NAF. Com-
bining these new observations with earlier crustal-scale analysis
and recent seismicity we discuss the possible rupture barriers along
the Saros-Ganos fault and suggest a western endpoint for the 1912
earthquake ruptures.
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Figure 2. (a) The NAF in the Sea of Marmara crosses the central basin (Cb) and the Tekirdag basin (Tb). The westernmost inland section of the NAF (red
lines) forms a very linear geometry with minor step-over areas creating sagponds and pressure ridges. Surface ruptures have been exposed during palacoseismic
trenching campaigns near the coast of the Gulf of Saros. Rockwell ef al. (2001, 2009) revealed two surface rupturing events dating post AD 1655, and attributed
them to the 1766 and 1912 earthquakes, and suggested 4-5 m coseismic slip for each event based on a 9 = 1 m displaced feeder channel thalweg. (b) The
offshore section of the NAF (red lines) has been studied during the R/V Urania MARMARA-2005 and -2009 cruises and a 15 m resolution swath bathymetry
was collected. The offshore fault geometry is rectilinear on the shelf section, with minor step-overs. Towards the deeper section of the Saros basin, the fault
increases in complexity and bifurcates into two sections. The southern strand consists of several trans-tensional faults forming scarps oriented in an en-echelon
array. The northern strand consists of a ~60-m-high continuous morphological escarpment produced by a rectilinear main fault.

4 RESULTS

4.1 Seafloor morphology of the Gulf of Saros

The Gulf of Saros lies between the Thrace and Gelibolu Peninsu-
las and forms the easternmost section of the North Aegean Trough
(Figs 1 and 2). In map view, the Gulf basin has an elongated trian-
gular shape that widens and deepens to the west. It is asymmetric
with its longitudinal axis trending SW-NE. Bathymetrically the
Gulf area consists of (1) a wide shelf area extending to —125 m (in
the north and east), (2) a —200-m-deep transitional basin in the east
and (3) the main Saros basin with depths of —550 to 700 m (Fig. 2).
The Saros basin has a steep (15-70°) southern margin. The northern
margin connecting the wide shelf with the deep basin has slopes of
5-25°. The slopes are cut by canyons and erosional gullies. (Figs 2
and 5). The deep basin is subdivided into an outer and inner basin
by 50-100-m-high escarpments at the north and south. The north-
ern escarpment is a single 40-km-long continuous structure with
minor steps and jogs. The scarps at the south are less steep, exhibit

an en-echelon and staircase geometry and reach cumulatively the
same height.

4.2 The NAF in the Gulf of Saros

In earlier studies, the NAF in the Gulf of Saros has been mapped
as a single fault in the shelf and forming a splay towards the deeper
section, where two fault branches follow the northern and south-
ern basin margins (Tiysiiz et al. 1998; Kurt ef al. 2000). However,
Ustadmer et al. (2008) show that the current transtensional defor-
mation is concentrated along the central section of the gulf.

4.2.1 The shelf area

In the shelf, the NAF is a single through-going strike-slip fault
(Ustadmer et al. 2008). Our new improved bathymetric data ex-
poses more details (Figs 3-6). In the eastern shelf section, the
NAF is visible as a 12-km-long linear single escarpment striking
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Figure 3. (a) DEM of the multibeam survey, illuminated from SW (North is rotated 18°). (b) Fault map with 5 m interval bathymetry contours. Here the NAF
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Figure 4. (a) DEM of the multibeam survey, illuminated from ~E (north is rotated 18°). (b) Fault map with 10 m interval bathymetry contours. Westwards
the fault bifurcates into two splays forming a 7-km-long, linear, narrow, shallow basin, which is approximately 200 m at its widest part. For map locations
see Fig. 2(b). The water depth varies from —110 to —130 m along its long axis. The northern splay is formed by 1- to 2-km-long trans-tensional faults in a
left-stepping array (a, b). The southern limit however is bounded by a single fault. The southern splay faults are shorter (<1 km) and show an en-echelon
orientation (b, c¢). Several pressure-ridges along the southern branch also testify a dominant strike-slip deformation. The height of the ridges ranges between 1
and 5.5 m and could be attributed to the coseismic deformation of probably 1-3 earthquakes (b, d). (c) The CHIRP profile A—A’ shows several normal faults
on the north with a scarp height of 9—18 m (Table 1).
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structure along the northern margin of the basin. On the south, ESE trending antithetic trans-tensional faults contribute to the deformation. For the map location

see Fig. 2(b).

247 4 2° with minor geometrical changes along the strike (Fig. 3).
The general height of the SE facing escarpment is 8 to 9 m and
increases westwards up to 16 m. Faulting is limited within a zone
of 100-300 m wide (Fig. 3). There are two significant dilatational
fault jogs along this section of the fault. In map view, the size of
the fault step in sagpond-like basin-1 and basin-2 is 30 and 40 m,
respectively. Both basins are approximately 400 m in length with a
depth of 4-7 m. Towards west, splays widen the deformation zone
to ~1000 m and form a 5-km-long linear depression (Fig. 4). The
splays are 1- to 2-km-long normal faults dipping S—-SW and consti-
tute the northern margin of the depression. They diverge in the NW
direction, form a left bend, and become parallel to the main fault.
Individually, the throw on each fault varies from 4 to 18 m and form
collectively a 40-m-high scarp in a stair-case geometry (Table 1).
The seismic (CHIRP) profile in Fig. 4(c) exposes the vertical dis-
placement of Quaternary deposits and the fault geometry towards
depth. The southern margin however is a 10- to 16-m-high single
escarpment. An elevation difference of 10-30 m is notable between
the northern and southern basin flanks suggesting that the southern
margin fault is contributing to the subsidence in the long-term. This
is also evident in the seismic reflection profile where the uppermost
sedimentary deposits in the central basin show tilting towards the
southern fault (Fig. 4c). Conversely, the up to 5.5-m-high pressure-
ridges along the southern margin shoulder manifest the dominant

strike-slip deformation on the margin fault. In map view, the width
of the left step-overs is 60—80 m.

4.2.2 The shallow transitional basin

Further west, at approximately 125 m depth, the shelf morphology
shows a transition to the 3- to 4-km-wide and 10-km-long intermedi-
ate basin that reaches a depth of 310 m (Fig. 5). Its northern margin
is a single steep escarpment along which the NAF strikes 250 + 2° as
a single fault with minor step-overs. The basin is asymmetric with a
floor tilted towards the fault (north). The high-resolution multibeam
bathymetry exposes two NW-striking escarpments on the SW end
of the basin. These 15-m-high scarps are ESE-trending antithetic
oblique faults that contribute to the transtensional deformation.
Considering the orientation of the faults and the slope morphology,
the bathymetry contours bend rightwards across the fault signify-
ing a right-lateral strike-slip component. On the northern margin,
three distinct canyons entrench the northern slope morphology. The
submarine canyons fronts are truncated by the fault. The NAF bi-
furcates into two strands at the western limit of the basin where
two antithetic normal faults develop. The main NAF runs parallel
along the two flanks of a 5-km-long and 500-m-wide linear ridge.
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Figure 6. (a) DEM of the multibeam survey, illuminated from ~SW (north is rotated 15°). (b) The Saros basin is marked on its eastern margin by an
abrupt change in depth from approximately —300 to —650 m depth. The N—S margins of the deepest part of the Saros basin are controlled by left-stepping
trans-tensional faults on the south, and a dominant strike-slip deformation on the north. Right-laterally offset structures have been documented along this

section (Gasperini ez al. 2011b).

Table 1. List of offset measurements.

Type
Name Offset Error (throw or right lateral slip)  Fig.
Ridge 24 right lateral slip 11
Scarp 13.5 Throw 4
Scarp 18 Throw 4
Scarp 9 Throw 4
Scarp 10.2 +0.2 Throw 8
Scarp 43 +0.2 Throw 8
Scarp 1 +0.2 Throw 8

A few kilometres west, the southern fault bifurcates again with an
SW striking (238°) 3-km-long fault.

4.2.3 Inner Saros basin

The main Saros basin shows a basin-in-basin morphology, where
the inner basin is embraced by strike-slip and normal faults. In
general, the strike-slip deformation runs along the northern mar-
gin of the inner basin and involves a significant amount of nor-
mal component evident by the ~60-m-high continuous escarpment.
The southern basin margin is composed of WNW-striking normal
faults that are oriented en-echelon and form a staircase morphology

(Fig. 6). Where the NAF enters the basin (East), the fault geometry
becomes more complex, with 1 to 4-km-long splays striking NW
and WSW. It makes a significant 10° bend to the right (releasing
bend) and veers again 15° left (restraining bend) forming an arcuate
fault geometry (Fig. 2). The area within this arc geometry is sub-
siding, controlled by trans-tensional deformation on the north and
normal faults in the south. The small basin is 4 km by 900 m in
size (Fig. 6). Further west, the fault forms a continuous sinusoidal
single escarpment that extends for 30 km. The complexity of the
fault is limited. Small (1-3 km) splays striking WNW and left step-
overs with a maximum 500-m-width contribute to the strike-slip
deformation (Fig. 2). Gasperini et al. (2011b) measured 130 £ 10
m right-lateral displacement of a canyon along this section of the
fault.

4.3 Seafloor expressions of the recent faulting events

One of the targets of the 2011 Urania cruise was to search for possi-
ble fresh fault scarps that could be associated with the 9 August and
13 September 1912 earthquakes. Aksoy et al. (2010) approximated
the western rupture termination of the 1912 earthquakes to be 40 km
offshore from the eastern coastline in Kavak. This corresponds to the
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Scarp 1

Figure 7. (a) Side-scan sonar image from the deeper section of the Saros basin (see Fig. 6 for location). The dark areas indicate high backscatter from south
facing steep slopes. (b) Structural interpretation of the sonar image in (a) shows an array of left and right stepping fresh fault scarps. These NW striking
trans-tensional faults are splay faults of the NAF. (c) Analogous splays and scarps that occurred inland during the 17 August 1999 earthquake (photo: Klinger

et al. 2003)

eastern limit of the inner Saros basin (Fig. 2). The estimation is based
on the fault geometry (detailed inland but rough offshore map), the
inland slip distribution, the seismic moment, and the rupture dura-
tion for the 9 August shock. The previous offshore fault analysis
has been carried out using the low-resolution bathymetry map of
Ustadmer et al. (2008). In the present study, we used high-resolution
multibeam-bathymetry, together with side-scan-sonar data to exam-
ine the offshore extension of the 1912 surface ruptures. Our survey
starts 2 km west of the termination point proposed by Aksoy et al.
(2010) and continued eastwards until 750 m offshore of the Kavak
coast. The entire sonar survey covers a 37-km-long sections of the
NAF with a swath width of 200 m.

A smooth inclined seafloor surface at the northeastern inner basin
boundary is shown in Fig. 7. The floor is interrupted by en-echelon
scarps. The strong reflections (dark) on the image expose steep
scarp faces. The faces have well-preserved crest lines which in map
view show a sinusoidal geometry. The baseline of the scarps corre-
spond to faults, oriented NW—SE with a clockwise angle of 20—-40°
to the principal displacement zone. The downthrown hanging-wall
surface is identifiable on scarp 1 as a planar surfgace at the base
of the scarp; which likely represents the actual throw. On scarp 2

and 3 the throw is less distinct because the scarps are buried with
sediments deriving from the higher parts of the slope. Although
the scarp heights are not measurable from the side-scan-sonar, a
nearly orthogonal CHIRP profile at the site allows an approxima-
tion. The sub-bottom section in Fig. 8 shows a smooth basin floor
topography with a depression in the centre and scarps towards the
north. The main branch of NAF is visible as a wedge-shaped acous-
tic reflectivity region below the central depression. In the south, a
5-m-thick (Holocene) layer overlays a well stratified subhorizontal
sequence. A similar stratigraphy has been described further west in
the Aegean Trough where the uppermost high amplitude reflectors
(green, yellow, turquoise) have been considered to represent the
last glacial-interglacial transgression at ~16—18 ka (McNeil et al.
2004). All the units are folded and interrupted by the NAF. The
folded succession signifies the compressive lateral component of
the strike-slip deformation. The scarp 2 in the sonar data (Fig. 7)
corresponds to the northernmost scarp in the sub-bottom profile
(Fig. 8). Taking the southernmost horizontal seafloor as reference
the total height of the scarp is 10.2 & 0.2 m (/3).

A second scarp further south measures 4.3 + 0.2 m vertical
displacement. The central depression is 1 £ 0.2 m deep. Other
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Figure 8. (a) A CHIRP profile that crosses orthogonally the scarps observed in Fig. 7. Dashed red lines indicate active faults. Other colored lines mark
significant reflection horizons of Quaternary deposits. The deformed structure of the layers implies a compressional deformation. The movement of the blocks
is marked as Qaway from the reader, © towards the reader. We measured a total scarp height of 10.2 + 0.2 m and a second cumulative scarp of 4.3 + 0.2 m
(Table 1). In cooperation with the 1 m depression at the central faults, these structures mark the displacement of recent faulting events. (b) Is the uninterpreted

version of the CHIRP profile.

scarps with high reflectivity are visible a few hundred meters east
from Fig. 7 (Fig. 9). Here, the NAF is observed as a network
of fractures that is 37-m-wide and 400-m-long. The anastomos-
ing fracture geometry is characteristic of strike-slip faulting. A
visual comparison of the scarps in Figs 7 and 9, suggests that
these scarps are likely less than 5 m high. The high reflectiv-
ity indicates steep scarp faces which implies the scarps experi-
enced no or little erosion and therefore likely represent the actual
throw.

Fig. 10 illustrates similar scarps along the eastward fault sec-
tion. Two linear structures at the western and eastern tips of the
intermediate basin indicate recent faulting localized in a very nar-
row (<1 m) deformation zone. Both faults run subparallel along a
southward-facing slope. The western lineament appears fresh and
well preserved, while the eastern fault is partially covered with sedi-
ments (Figs 10a and b). Along the shelf, a 7-10-m-high escarpment
is accompanied by a sharp, distinct lineament along the scarp base.
The structure is 0.5-1.5 m wide and can be traced continuously

for 8 km along the shelf (Fig. 10c). Considering the total scarp
height, this individual scarp is likely less than 1-m-high. Eastwards,
the fault is less distinct, nevertheless, two fault jogs forming de-
pressions mark the young tectonic activity (Figs 10d and 12). Fresh
tectonics structures are identifiable along the entire 37-km-long sur-
veyed section. They are well preserved at regions with less sediment
input and become less distinct eastwards because of increasing sedi-
ment input approaching the mouth of the Kavak river (Cagatay et al.
1998).

The sonar study allowed us to determine additional structures
that manifest the right-lateral strike-slip deformation in the Saros
basin. In the shelf area, where the deformation is localized on the
main branch fault we determine a truncated ridge morphology (see
Fig. 4 for location). The fault scarp in the acoustic image is evident
by a strong linear reflector (Fig. 11). The hill slopes are visible
as dark areas and are noticeably truncated by the fault (Fig. 11b).
A reconstruction of the lateral slip allowed to measure a displace-
ment of 24 m. The lateral offset signifies the cumulative strike-slip
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Figure 9. (a) A side-scan sonar image from the deeper section of the Saros basin (see Fig. 6 for location). (b) E-W striking fresh scarps form an anastomosing

geometry (profile: SAR_SSO1H). For location see Fig. 6.

c -
,"‘ELa 20m (valid for a,b,c,d)

Figure 10. Side-scan sonar (SSS) images from several locations along the
37-km-long NAF section. (a) The image from the intermediate basin il-
lustrates a sharp fault with a very narrow (<1 m) deformation zone. The
southeast dipping scarp appears fresh. (b) Highly linear faults with minor
scarps have been observed at the western end of the shelf. The scarps are
partially buried with sediments deriving from the shelf area. (c) A scarp-
in-scarp morphology has been documented in the shelf section of the NAF.
The total height (at black arrows) is measured as ~7 £ 0.5 m, therefore
the lower scarp is necessarily less than 1 m high and possibly represents the
latest faulting event in the region. (d) Shows the eastern tip of the pull-apart
basin 1 shown in Fig. 3. The given scale applies to all SSS images. (e)
and (f) Photographs of the surface ruptures of the 1999 Diizce earthquake
formed along hill slopes show the geometry and location similarity between
offshore and inland ruptures (photographs from Pucci ez al. 2006 and Aydin
& Kalafat 2002, respectively).

deformation of the last few surface rupturing events. The side-scan-
sonar track covers also the pull-apart basin (2) illustrated in Fig. 3
(Fig. 12). The strong reflectivity on the north compared to the south

indicates that the northern scarp is significantly higher, steeper, in-
clined to the south, and necessarily experiences more slip. A smaller
inner pull-apart basin is visible on the southeastern margin of the
basin. The basin-in-basin morphology marks the dilatation strike-
slip dominant deformation.

Ustadmer et al. (2008) document several mass wasting morpholo-
gies, canyons and gullies in the Gulf of Saros. Our high-resolution
multibeam bathymetry and the side-scan sonar data provide fur-
ther details on these structures. Fig. 3 illustrates three canyons on
the northern margin of the intermediate basin. These canyons have
a width of 300-600 m; from east to west. The side-scan-sonar
survey revealed additional channels of smaller size at a nearby lo-
cation (see Figs 3 and 13). They occur at 20° to 40° slopes and
their width ranges from 10 to 15 m. Further east we document
similar channels and debris flows at slopes of 20°-30°. The chan-
nel widths are comparable in size. The associated debris flows are
notable in the sonar image as dark reflections The debris can be
traced for 20—30 m southward into the depocentre of the basin and
demonstrate the environment of mass movement within the Gulf of
Saros.

5 DISCUSSION

5.1 Young earthquake scarps

The above-given descriptions and analysis demonstrate new and
presently the utmost details of the surficial structure and morphol-
ogy of the NAF in the Gulf of Saros. The details shed light on
the fault’s structural complexity and reveal the existence of several
young earthquake scarps. The scarps are well preserved and appear
nearly continuous along the entire 37-km-long surveyed section.
Their height differs from 1 to 10 m and incorporates the actual
cumulative displacement of multiple surface faulting events. The
well-preserved shape of the scarp crests suggests that erosional
processes are at negligible levels for the current lifetime of these
structures. Locally, and particularly eastwards some scarps are par-
tially or completely buried with sediments that derive from the basin
margin slopes and the Kavak river in the east. Hence some scarps
may represent the minimum total offset. The scarps observed at
the inner basin are on splays that strike 20° to 40° NW (Fig. 7).
The two northern scarps are 10.2 and 4.3 m in height (Fig. 7). The
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Offset ridge

Offset = 24

Figure 11. Side-scan sonar image from the shelf section (see Fig. 4 for location). The image corresponds to a rectilinear section of the NAF. A small ridge
on the southern fault block appears to be displaced by 24 m. White dashed—dotted lines represent the foothill margin of the ridge (a, b). The white dotted line
shows the base of a higher slope at the top of the hill. A reconstruction of the submarine morphology shows a fit with the escarpments. SAR_SS03.10H (c, d).

Pull-apart basin 2

Figure 12. The side-scan sonar image exposes a basin-in-basin morphology in the shelf section (see Fig. 3 for location; profile SAR_SS03.014H). The scarp
height near the fans is approximately 18 &+ 1 m. The lower-right depression is significantly smaller and may be produced during a single surface faulting
event. Such depressions (sagponds) have occurred during both the 17 August and 12 November 1999 Diizce earthquake (photo by S. Pucci, sagpond on the 12
November rupture)

@l Debris ﬁ N

channels

0 25m SAR_SS03.004L

Figure 13. We have documented several submarine canyons of different scales along the fault. (a) A sonar image show canyons from the intermediate basin
with channel widths ranging from 5 to 15 m. (b) A sonar image showing similar canyons and related debris flows reaching a distance of 23-33 m from the
channel apex. The flow deposits appear as young structures since they are not eroded or buried, preserving their geometry. Therefore, these debris flows might
have been triggered by the latest seismic events such as the 1912 earthquakes.

depth of the central depression is 1 m (Fig. 8). Scarps and sagponds an 8-m-high scarp on the Golciik-Kavakli splay fault and document
with similar dimensions were formed during the 17 August 1999 2 m vertical and 1.1 m right-lateral coseismic slip (Fig. 7c). The
Kocaeli earthquake rupture (M,, 7.4) on the eastern coast of the Sea scarp-in-scarp morphology, the orientation, and the amount of slip

of Marmara. Barka et al. (2002) and Klinger et al. (2003) report observed inland are comparable to our observations in the inner
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Figure 14. The structure of the NAF is accessible from earlier seismic reflection studies in the region. (a) Multichannel seismic section across the inner Saros
basin showing the NAF as a south-dipping major fault. Smaller synthetic and antithetic faults contribute to the transtensional deformation (Kurt et al. 2000).
(b) the sparker image from Cagatay et al. (1998) across the shelf area shows the NAF as a single through-going fault.

Saros basin. Therefore, we consider that the 1 m depression and 1—
2-m-slip of the scarps can be attributed to the most recent 9 August
1912-M,, 7.4 and/or the 13 September 1912—M; 6.8 earthquakes.
Other fresh structures such as the depressions observed along the
shelf (Fig. 12) contribute to our reasoning since they can be consid-
ered as equivalents of the several inland sagponds formed along the
Ganos fault, the 17 August 1999 Kocaeli (M,, 7.4) and 12 November
1999 Diizce (M, 7.2) ruptures.

5.2 Fault structure and major complexities

The presented data set does not only document the deformation of
recent faulting events but also allows us to infer the complexity of the
NAF which is an important factor controlling the faulting behavior
during an earthquake. The high-resolution multibeam bathymetry
depicts a straight main fault that is accompanied by minor fault
bends, step-overs and short splays. The simplicity of the fault ex-
ists at several scales. The side-scan sonar images provide close-up
views of 1- to 3-km-long segments that form dilatational and com-
pressional step-overs of less than 150 m width (Figs 3, 10, 12).
The multibeam bathymetry discloses geometrical characteristics at
a larger scale. Westwards, the NAF forms a 6-km-long and 200-m-
wide depression bounded with a strike-slip fault in the south and
normal fault splays in the north; signifying a typical negative-flower
structure morphology (Fig. 4a). The 3-km-wide intermediate basin
at its west resembles this morphology at a larger scale where the
strike-slip deformation occurs on the north and normal faulting in

the south (Fig. 5). A similar structural setting recurs within the
inner basin at the largest scale (Figs 2 and 6). At the entrance of
the inner basin, the NAF bifurcates. The northern branch makes a
10° releasing bend and continues as a slightly sinusoidal strike-slip
fault. At the western limit of the Gulf of Saros, the fault forms
a 20° releasing bend. The south of the basin consists of a set of
en-echelon-orientated normal faults (Fig. 2).

The transtensional tectonic morphology is an expression of the
NAF structure towards depth. Earlier seismic reflection profiles
cross-cutting the shelf and the inner basin illustrate the NAF as a
single through-going fault that is accompanied by secondary splay
faults displacing Quaternary deposits (Fig. 14, Cagatay et al. 1998;
Kurt et al. 2000). Nevertheless, from the eastern limit of the inner
basin to the Kavak shoreline, the entire 35-km-long section displays
a straight, simple main strike-slip fault with minor complexities that
are unlikely to function as a rupture barrier (Wesnousky 2006).

5.3 Mass wasting events: debris flows and
seismo-turbidites

The canyon and gullies observed in the intermediate shallow basin
and along the fault in the shelf depict debris flows. The size of the
flows and the freshness of the structures suggests that these deposits
are the result of a recent single event, likely by an earthquake. The
most recent earthquakes that are sufficiently close to trigger such
debris flows are the 1912 (M, 7.4 and M; 6.8), the 1975 (M, 6.6)
and the 2003 (M,, 5.7) earthquakes.
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Figure 15. (a) In the core G-45 from the Ganos basin (Fig. 5), the coarse basal layers of seismoturbidites are visible as dark layers (modified from McHugh
et al. 2006). The 1965 (Ms 5.9) earthquake lies in the North Aegean Trough and is approximately 100 km west of the Saros basin and 223 km away from the
Ganos basin. Considering the distance and size of the 1965 event and uncertainties associated with the radiometric dating of resedimented deposits, the 1975
(M 6.6) is more likely to be the trigger for this seismo-turbidite. A comparison of the multibeam and seismic reflection profiles from the Ganos basin (b) and
the intermediate Saros shallow basin (c) suggests that the uppermost units (yellow) might represent the homogenite-seismo-turbidites.

Besides, mass-flows (seismoturbidites) have been documented
for the 9 August 1912 earthquake in the Ganos basin of the Sea of
Marmara (Figs 2 and 15, McHugh et al. 2006). The Ganos Basin
depocentre is filled by sand-rich layers with a sharp basal erosional
contact overlain by fining upwards silty units that grade into a
thick homogenous mud. The geophysical, geochemical, and sedi-
mentological characters of these sediment beds (transparent seismic
facies, TOC rich layers, sandy base overlain by fining upwards sedi-
ments) suggest they are seismically triggered resedimented deposits
(Fig. 15a, McHugh et al. 2006). Their structure and geochemical
features are very similar to seismo-turbidites described in other
basins of the Sea of Marmara (Cagatay ef al. 2012; Yakupoglu et al.
2019) and Mediterranean Sea (Polonia et al. 2017).

The most recent seismo-turbidites in the Ganos basin were cor-
related to regional historic earthquakes in the region, based on their
emplacement time as deduced through radiometric dating (Fig. 15,
McHugh et al. 2006). The 1912 Miirefte-Sarkoy seismo-turbidite,
which was sampled during the Urania 2001 cruise, can be traced in
the chirp profiles throughout the basin floor as a 3-m-thick deposit
(Figs 15b,c). The core site was selected where the turbidite thick-
ness was minimum so both the top and base of the seismo-turbidite
could be recovered (Fig. 15).

CHIRP seismic profile M11_018 (Fig. 15¢) was collected in the
intermediate shallow basin and shows a tectonically controlled basin
depocentre developing between the main NAF to the north and the
antithetic normal fault associated with the seafloor scarp on the
multibeam map (Figs 5 and 15). The dotted red line represents the
base of Holocene sediments, which is about 4—5 m thick on the basin
slopes (Fig. 8, orange line), in agreement with sedimentation rates
in the Sea of Marmara deep basins reported as 43 to 100 cm kyr™!
(Cagatay & Ucarkus 2019; Makaroglu et al. 2020, and references

therein). The Holocene section thickens in the shallow basin de-
pocentre which is driven by gravitational processes and tectonic
subsidence. In this basin, the thickness of Holocene sediments is
three times larger than the basin margins and implies tectonic sub-
sidence during the Holocene. The shallow basin depocentre is filled
by a ~10-m-thick sediment packet characterized by an alternation
of transparent thin layers and high amplitude reflectors. The upper-
most transparent layer (about 2 m thick) is very similar to the Ganos
homogenite-mud bed and the very high amplitude basal reflector
to the sandy basal turbidite unit. These characters suggest that its
deposition might be seismically triggered and related to the most
recent 1912 or 1975 earthquakes.

5.4 The western termination of the 1912 rupture(s)

The foregoing discussion describes young earthquake scarps likely
to be produced by a single recent event and shows that the eastern
35-km-long section of the NAF in the gulf consists of 1- to 7-
km-long linear segments that form dilatational and compressional
step-overs of less than 200 m width. These complexities are minor
discontinuities unlikely to arrest a rupture propagation (Wesnousky
2006). Therefore, taking into account the 4.5 m coseismic channel
displacement at the Kavak shore (Rockwell et al. 2009) and the 100—
160 km rupture length calculated for the 9 August 1912 earthquake
(Altunel et al. 2004; Armijo et al. 2005; Karabulut et al. 2006;
Aksoy et al. 2010; Aksoy 2021) we consider that the 9 August
shock ruptured westwards the entire 35 km straight section and
continued until the bifurcation and the 10° dilatational bend in the
inner basin (Figs 2 and 6). The 9 August 1912 earthquake (M,
7.4) was followed by a large shock on 13 September 1912 (M,
6.8), which ruptured the westward continuation of the 9 August

€202 YoJeN 91 uo Jasn SHNO Aq £16+279/685/1/62¢/o101e/[B/wod dno dlwapede//:sdjy woy papeojumoq



602  M.E. Aksoy et al.

shock (Aksoy et al. 2010). Therefore, the scarps illustrated in Figs 7
and 8 may represent the rupture of the 13 September shock. The
sections ruptured by the two events may slightly differ along strike
or overlap partially. Nevertheless, the distribution of instrumental
seismicity supports the suggested locations for the two ruptures.
Since 1912, a few M > 6 earthquakes have occurred along the
western tip of NAF (Fig. 1). The most recent, 24 May 2014 M,,
6.9 earthquake occurred offshore, approximately 20 km SW of
the Gokgeada island, and ruptured a 90-km-long section of the
NAF (max coseismic slip 2.5 m; Konca ef al. 2018). The eastern
aftershocks overlap with the seismicity of the 1975 M 6.6 and
2003 M,, 5.7 earthquakes (Karabulut et al. 2006). The tip of the
2014 aftershock activity reaches the bifurcation of the NAF (Fig. 1)
and signifies an approximate limit for the ruptured segment (Konca
et al. 2018). The section east of the bifurcation is aseismic and
indicative of a locked fault (Karabulut ef al. 2006; Ergintav et al.
2014; Konca et al. 2018). This distribution of seismicity suggests
that the bifurcation may have functioned as a barrier and therefore
corresponds to an endpoint of the earthquake segment that has
ruptured during the 1912 earthquake(s).

If the 1912 earthquakes ruptured a 150-160 km section of the
NAF (Karabulut et al. 2006; Aksoy 2021) with a western limit at
the entrance of the inner Saros basin, then the eastern limit of the
9 August 1912 rupture is necessarily somewhere within the Central
basin as suggested by Armijo et al. (2005) and Aksoy et al. (2010).
This leaves about 100-km-long seismic gap between the 1999 and
1912 ruptures.

6 CONCLUSION

Our high-resolution geophysical data allowed mapping the sub-
aqueous fine-scale morphology and structure of the NAF in the
Gulf of Saros. We determined fresh earthquake scarps, pull-apart
basins, pressure ridges, offset structures, and debris flows (seis-
moturbidites) along the 37-km-long fault section. Particularly the
scarps that are <1 m in height appear as single event morphology.
We lack of any dating results for these morpho-tectonic structures,
however the well-defined inland extend of the 1912 rupture (45 km)
and the 100-160 km total rupture length defined from multiple pa-
rameters by previous studies (Altunel et al. 2004; Armijo et al.
2005; Karabulut et al. 2006; Aksoy et al. 2010) implies the rupture
has extended significantly towards the Gulf of Saros. Therefore, we
attribute some of these structures to the 9 August and 13 Septem-
ber 1912 earthquakes. We are not able to distinguish the rupture
of the 9 August from that of the 13 September aftershock, how-
ever, the distribution of fresh scarps, the 3-D structural simplicity
of the mapped fault section, lack of any major complexity along
strike, and the recent seismicity suggest that the 1912 rupture(s)
reached 37 km offshore to the eastern entrance of the inner Saros
basin and likely terminated at the bifurcation within the inner Saros
basin. Considering the total rupture length of the 1912 events, this
outcome has implications for the eastern extension of the 9 August
1912 rupture in the Sea of Marmara and therefore contributes to the
seismic hazard evaluation for the entire urban area around the Sea
of Marmara coast including the metropolis Istanbul.
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