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ABSTRACT 
 

Continental transform boundaries cross heavily populated regions and are associated with 
destructive earthquakes. Even though these settings have been extensively studied, the origin and 
tectonic evolution of the submerged segments of continental transforms remains controversial.  

Drilling into these transform basins can recover a long-term, high-resolution record of their 
growth, of the temporal pattern of large earthquakes that punctuated this growth, and of both the 
local and global paleoceanographic conditions that existed during their evolution. Instrumenting 
the boreholes could provide information constraints on fluid pressure and deformation 
considered essential processes for geohazard studies. 

The Marmara Sea, Turkey is a natural laboratory for such studies due to: 1) extensive 
geophysical data that has provided a unique and growing coverage, but still lack essential 
constraints from direct sampling of the stratigraphy. 2) The progressive tilting in some of the 
basins allow sampling of the entire syntectonic sequence with relatively shallow cores. 3) New 
information from stratigraphy and structural growth would improve earthquake hazard 
assessment in an area facing major risk. 4) The Marmara Sea has been selected to become a 
focus site to monitor geohazards and to study the relations between fluids and seismicity, within 
the European Seafloor Observatory Network (ESONET) and there are two initiatives: the 
Kandilli Marmara Sea Bottom Observatory (MSBO) project and the ESONET Marmara 
Demonstration Mission project.  

 The new outcomes will provide key information of the age, spatial, and temporal 
evolution of continental transform boundaries, it will greatly improve assessment of seismic 
hazards, further develop methodology for the emerging field of submarine earthquake geology, 
address major issues, such as the partitioning between fluid from deep sources possibly relevant 
to earthquakes and fluid from the compaction and dewatering of shallow sediments, and extract a 
long term record of paleoceanography and paleoclimatology for regional and global correlations. 
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Continental Transform Boundaries 
Continental transforms represent a small fraction of the world plate boundaries but they 

shape many densely populated areas and are thus disproportionately associated with destructive 
earthquakes. Transform faults are steep and release seismic energy close to the surface so that 
smaller and more frequent earthquakes can be damaging. These faults tend to develop parallel to 
continental margins, often in the wake of subduction systems and relic suture zones, and can 
remobilize accretionary prisms and zones of thinned continental lithosphere at the edge of 
overriding plates. Perhaps as a consequence, continental transforms are often wide zones of 
deformation with multiple fault strands. Continental transform boundaries can be associated with 
“borderland” physiography, relic suture zones, or characterized by submerged areas of thinned 
continental crust with a complex morphology of basins and ridges. Examples include the 
southern California Borderland associated with the San Andreas fault system, the Marmara Sea 
and north Aegean Sea associated with the North Anatolian fault system, and the Venezuelan 
borderland and Cariaco Basin associated with the El Pilar fault system. Continental transforms 
are often associated with submerged closed basins that are 30-100 km-long and 1-5 km-deep. 
Transform basins have been studied worldwide for their hydrocarbon potential and for unique 
information on the evolution of the transform as recorded in syntectonic sediment. Nevertheless, 
the origin and tectonic evolution of these basins remains controversial.  

 Drilling in Marmara Sea by a future Ocean Drilling Program can recover a long-term, high-
resolution record of the growth of the transform basins, of the temporal pattern of large 
earthquakes that punctuated this growth, and of both the local and global paleoceanographic 
conditions that existed during their evolution. Instrumenting the boreholes could provide 
information constraints on fluid pressure and deformation considered essential processes for 
geohazard studies. At present, the Marmara basins have only been sampled to depths of ~60 m. 
Therefore, all models proposed for the age and temporal evolution of these basins are inferred. 
Such records in combination with existing geophysical data would provide a new basis for: 
1. Understanding the origin and temporal and spatial evolution of continental transforms by 

exploiting the unique sedimentary record of submarine syn-tectonic basins. A chronology of 
the basin growth will constrain dextral and vertical motions, including the tilting and 
subsidence that is observed on the Marmara basins. It will also test whether basin growth is 
steady state or time-transgressive. 

2.  Linking earthquake rates and sequencing (e.g., earthquake-earthquake triggering), and the 
partitioning of strain among different strands of the transform with structural growth, sea 
level, sedimentation rates and paleoclimate. Better understanding of how seismogenesis 
relates to other geologic observables would improve earthquake forecasting and hazard 
assessment along the North Anatolian fault and other continental transforms.  

3. Dramatic changes in sedimentation, flora and fauna occur as these basins shift from marine to 
lacustrine environments. Sea level and tectonics open and close pathways between the basins 
and the world ocean. These unique paleoceanographic markers can be used to unravel climate, 
water exchange and the tectonic evolution of the transform basins.  

4. As a seismic gap along a continental transform, the Sea of Marmara is a unique place to 
monitor fluid escape at a plate boundary through an earthquake cycle in a submarine setting. 
Instrumented boreholes would address major issues, such as the partitioning between fluid 
from deep sources possibly relevant to earthquakes and fluid from the compaction and 
dewatering of shallow sediments.  

 
Why the Marmara Sea? 

Four main points favor this drilling project: 1) There is extensive geophysical coverage. The 
transform basins in the Marmara Sea have a unique and growing geophysical database, but still 
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lack essential constraints from direct sampling of the stratigraphy. 2) The progressive tilting in 
some of the basins allow sampling of the entire syntectonic sequence with relatively shallow 
cores. 3) New information from stratigraphy and structural growth would improve earthquake 
hazard assessment in an area facing major risk. 4) The Sea of Marmara has been selected as a 
focus site to monitor geohazards and to study the relations between fluids and seismicity, within 
the European Seafloor Observatory Network (ESONET), funded by the European Commission 
(e.g., Cagatay et al., 2009). There are currently two separate but complementary initiatives to 
implement seafloor observatories in the Marmara Sea: the Kandilli Marmara Sea Bottom 
Observatory (MSBO) project and the ESONET Marmara Demonstration Mission project.  

 
Background 

The North Anatolian fault (NAF) extends east-west for over 1600 km across Turkey and is 
one of the world's major continental transforms (Fig. 1a). In NW Turkey, the NAF splays into 
northern and southern branches that are separated by about 100 km [Fig 1; Armijo et al., 1999; 
2002]. The northern branch crosses the northern part of Marmara Sea, and it presently 
accommodates most of the relative plate motion between Eurasia and the Anatolia microplate 
[Reilinger et al., 2000]. The Marmara Sea is comprised of three main extensional basins, each 
1200 m deep, and separated by ridges. The basins (Fig. 1b) are named from west to east: 
Tekirdag, Central, and Cinarcik. Izmit Gulf extends east of Cinarcik Basin (Fig. 2). 

 
Fig. 1a. The North Anatolia Fault (NAF) accommodates right 

lateral motion between the Anatolia microplate and Eurasia at a 

relative rate of ~24 mm/y [McClusky et al., 2000; Reilinger et al., 

1997] 

                            Fig. 1b. Tectonic sketch of the Marmara 

Sea showing the documented ruptures 

from the 20
th

 century (red) [Ambraseys 

1995; 2002; Polonia et al., 2004; Seeber 

et al., 2004; 2006; Cormier et al., 2006]. 

GPS velocities relative to Eurasia. 

 

In 1912, an M>7 earthquake 
ruptured the Ganos segment of the 
transform from the western shore of 
the Marmara Sea to the Gulf of Saros 
in the Aegean (Fig. 1b).  Since 1939, a 
sequence of seven M>7 earthquakes 

ruptured progressively westward along the entire NAF east of the Marmara Sea [Töksöz, 1979; 
Barka and Kadinsky, 1988; Barka, 1996]. The most recent and westernmost events in this 
sequence, the Mw7.4 Izmit and the Mw7.2 Duzce main shocks of 1999, were particularly 
destructive (~17,000 deaths). Together they ruptured about 160 km of the fault system, including 
a segment in the Gulf of Izmit, in the eastern Marmara Sea [Barka, 1999; Reilinger et al., 2000; 
Toksöz et al., 1999]. The only portion of the NAF that did not rupture in the 20th century is the 
segment beneath the Marmara Sea. The length and segmentation of this portion of the NAF will 
control the size and possibly the number of future earthquakes expected to close the gap. The last 
major earthquakes in that area occurred in 1766 [Ambraseys and Finkel, 1995] and 1894 
[Ambraseys, 1995; 2002]. The Marmara Sea is, therefore, identified as a seismic gap that has 
accumulated as much elastic strain as what was released by slip in the 1999 sequence [Hubert-
Ferrari et al., 2000; Parsons et al., 2000; 2004; Reilinger et al., 2000].  
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As a result of the two disastrous 1999 earthquakes, investigations of the Marmara Sea by 
Turkish and international teams have been extensive, yielding new paradigms for the evolution 
of continental transforms and paleoclimate [Okay et al., 1999; 2000; mren et al., 2001; Rangin 
et al., 2001; Ça atay et al., 2003; Le Pichon et al., 2001;2003; Leroy et al., 2002; Awata et al., 
2002;Polonia et al., 2002; Parker et al., 2003; Sato et al., 2004; McNeil et al., 2004; Halbach et 
al., 2004; Armijo et al., 2002; 2005; Cormier et al., 2006; Seeber et al., 2004; 2006; McHugh et 
al., 2006; Bindi 2007; Carton et al., 2007; Steckler et al., 2008; Sorlien et al., 2008; TAMAM 
Scientific Party, 2008; Geli et al., 2008; Wang et al., 2009]. 

The context of the Sea of Marmara is well suited for earthquake fault monitoring and, owing 
to the importance of earthquake risk for the Istanbul area, large efforts are being made to build an 
observatory network covering the onshore and offshore realms. Data acquired from land stations 
since the 1999 earthquake have shown that the Cinarcik Basin area is being affected by long term 
postseismic extension [Ergintav et al. 2009] associated with microseismic activity localized 
offshore [Karabulut et al., 2002]. Gas emissions are also being monitored. While gas emitted 
from the Çinarcik basin is predominantly of relatively shallow origin, the hydrocarbon gases 
expelled from faults cutting the highs are of deep thermal origin, and several other sites showed 
evidence of a mantle source [Geli et al., 2008; Zitter et al., 2008; Burnard et al., 2008; Bourry et 
al., 2009]. Land seismologic network and permanent GPS stations sets a framework, from which 
offshore monitoring closer to the main fault is being planned. Five cabled seismological 
observatories will be deployed in 2009 by KOERI (Kandili Observatory and Earthquake 
Research Institute). In parallel, monitoring at the seafloor of fluid parameters (flux, composition 
and pore pressure) and microseismicity is taking place as a demonstration mission of ESONET 
(European Seafloor observatory Network of Excellence). The objective of ESONET and EMSO 
(European Multidisciplinary Seafloor Observation) is the implementation of permanent deep-sea 
observatories around Europe, and the Marmara Sea is one of the most advanced sites. In this 
context, borehole monitoring in the Sea of Marmara would strongly complement these efforts by 
significantly improving the quality of pore pressure and fluid composition records and would 
open the road for in situ strain measurement. 

 
Existing Data 

Geophysical surveys collected high-resolution multibeam bathymetry, side-scan sonar, 
subbottom profiles (CHIRP), multichannel seismics and wide angle data, and a large collection 
of gravity and piston cores (Fig. 2a) [Aksu et al., 2000; Rangin et al., 2001; Le Pichon et al., 
2001; 2003; Ça atay et al., 2003; Polonia et al., 2002; 2004; Armijo et al., 2002; 2005; 
Cormier et al., 2006; Seeber et al., 2004; 2006; McHugh et al., 2006; Carton et al., 2007; Becel 
et al., Steckler et al., 2008; Sorlien et al., 2008; TAMAM Scientific Party, 2008; Geli et al., 
2008]. These data have provided information on the surface morphology of the basins and fault, 
the texture of the shallow sediments, and the sedimentary and structural architecture of the 

shallow and deep subsurface. 
 

Fig.2a. Multibeam bathymetry of the Marmara Sea 

showing Tekirdag, Central, Kumburgaz, Çinarcik Basins, 

and Izmit Gulf. Water exchange between the Aegean Sea 

and Black Sea occurs through the Dardanelles and 

Bosporus Straits, respectively. Multibeam bathymetry from 

Le Pichon et al. [2000], Rangin et al. [2001]. 

 
The majority of these data sets are available for 

planning drilling sites and monitoring boreholes. In 
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2008 the Turkish American MArmara Multichannel project (TAMAM) collected >2700 km of 
high-resolution multichannel seismic (MCS) reflection plus shallow-penetration chirp profiles 
(Fig. 2b). The data is providing new details on stratigraphy and structure, and obtained 
stratigraphic ties between subbasins in the Marmara Sea necessary to reconstruct the recent 
history of the Marmara.  

 
Fig. 2b. Partial navigation track of seismic lines 

in the Marmara Sea: cyan SeisMarmara Leg 2; 

yellow Marathon Petroleum; green MTA97; 

brown TAMAM. R/V Marion Dufresene cores, 

green circles. Marathon well, pink circle. 

 
Details regarding the fault system 

beneath the Marmara Sea provided by the 
suite of extensive data sets are challenging traditional models for transform tectonics. Some 
authors account for structural complexities as relics from the initial stage of the plate boundary 
and propose that through-going transcurrent faults and inactive basins characterize the current 
regime [Le Pichon et al., 2001; 2003].  Alternatively, basins may grow in a steady-state regime. 
Crustal thinning and subsidence may stem from pull-apart fault geometries and strain 
partitioning [Armijo et al., 1999; 2002; 2005], transtension  along a transform fault with elements 
of compression [Okay et al., 1999; 2000; Steckler et al., 2008], or from oblique slip on non-
vertical through going master faults [Okay et al., 1999; Seeber et al., 2004; 2006].  

Given the wealth of geophysical information and shallow sediment sampling, it is critical 
that the deeper subsurface is sampled through drilling. The deepest piston cores recovered by the 
R/V Marion Dufresne did not penetrate more than 60 m, thus barely sampling the Quaternary. A 
borehole drilled by Marathon Petroleum provided sediment ages that group the top 40 m as 
Quaternary and the rest as Miocene-Pliocene until they reach the Cretaceous. The problem with 
this study is that the fossils used to identify the Pleistocene and Pliocene are similar and may 
have led to setting the boundary between the Quaternary and Pliocene shallower than it should 
be. Deep subsurface drilling and more detailed biostratigraphic studies are required to verify the 
tectonic evolution, stratigraphy and paleoceanography of the Marmara Sea.  

 
Earthquakes and Sedimentation 

Some investigations in the Marmara Sea have also focused on the newly evolving field of 
submarine earthquake geology. Plate boundary faults typically re-rupture every few centuries to 
several millennia. Therefore, data on multiple ruptures require historic as well as prehistoric 
information. Paleoseismology is a primary tool for seismic hazard evaluation that is well 
established on land [e.g., Sieh 1981; Dolan et al., 1995; McCalpin 1996; Yeats et al., 1997; 
Emre et al., 2003; Rockwell et al., 2001; 2002; Klinger et al., 2003; Atwater et al., 2004; Altunel 
et al., 2004; Marco et al., 2005] and is a rapidly evolving tool for the underwater environment. 
Recent underwater studies have attempted to unravel the effects of fault segmentation, fault slip, 
and/or permanent deformation associated with seismo-turbidites [McNeilan et al., 1996; 
Zachariasen et al., 1999; Goldfinger et al., 2003; Polonia et al., 2004; Seeber et al., 2006; 
Cormier et al., 2006; Sarı and Ça atay, 2006; McHugh et al., 2006; Beck et al., 2007; Seeber et 
al., 2007]. Despite much progress, submarine earthquake geology is still in its infancy. Results 
from the Marmara Sea are encouraging so far and reveal that the North Anatolian Fault may 
rupture stepwise across each transform basin. Typically, such basins are asymmetric, steep-sided, 
and flat-bottomed (Fig. 3). Seismic profiles indicate thick turbiditic sequences tilted toward the 
bounding transform fault. Rapid subsidence and distal sedimentation preserve this record at the 
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depocenters and open the prospect of retrieving records of seismicity over geologic time scales 
(>100,000 yr).  

 
Fig. 3. MTA97-02 seismic profile 

across Tekirdag basin showing 

subsidence towards the fault and 

thick sedimentary deposits at 

“depocenters” [Parke et al., 2003]. 

Drilling the tilted syntectonic 

sequences to the SW and the 

“depocenters” will provide both the 

tectonic evolution of the basin and 

its record of seismicity.  

 
The sediments of the 

“depocenters” are dominated by characteristic deposits termed “homogenites” [McHugh et al., 
2006; Beck et al., 2003]. “Homogenites”, a term first introduced by Kastens and Cita [1981] and 
later on by Cita et al. [1984; 1996], have been correlated with tsunamis, caldera collapse and 
large earthquakes around the world [Siegenthaller et al., 1987; Sturm et al., 1995; Syvitsky & 
Schafer, 1996; Chapron et al., 1999, Arnaud et al., 2002; Hakimian et al., 2009] and with large 
earthquakes in the Marmara Sea [McHugh et al., 2006; Sari & Ça atay, 2006; Beck et al., 
2007; Çagatay et al., 2008]. From the base up, the signature of these events begins with a sharp 
basal contact followed by numerous mm- to cm- scale sand and silt laminations. All laminae are 
normally graded and are contained within a 50-cm-thick fining upward and otherwise 
homogeneous deposit. Grain size analyses confirmed two levels of normal grading: 1) within 
individual laminae and 2) of the whole sequence (Fig. 4). 

 
Fig. 4 Grain size analyses showing normally 

graded laminae and overall fining-upwards 

trend of one homogenite deposit in Central 

Basin. The horizontal axis is the total weight 

percent of the fine fraction for 80 cm of core 

length, for fine sand, coarse silt, and medium 

silt. The vertical axis shows the thickness of 

the deposit (50 cm). Photo of core shows the 

sharp basal contact and multiple, fining-

upwards laminae.  

 
 

 
Linkages Between Paleoceanography and Tectonics 

Because of their closed-contour shapes and shallow sills that connect them with the world’s 
oceans, transform basins provide some of the best paleoclimatic and paleoceanographic records 
(e.g., Cariaco Basin, northern Venezuela). The Marmara Sea is especially significant because it 
controls the water exchange between the Aegean and Black Seas. During the Last Glacial 
(Oxygen Isotope Stage 2) Marmara Sea was a fresh-brackish water lake isolated from the global 
ocean (Fig. 2). As a result of these transformations, there have been dramatic shifts in 
depositional environments from marine to lacustrine with the complete replacement of the 
sediments fauna and flora. These transitions can be used as markers to unravel Marmara’s 
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tectonic history. Drilling would verify the timing of deposition and rate of tectonic subsidence of 
at least four stacked lowstand delta complexes, which are preserved by subsidence on the 
downthrown side of the Imrali fault (Figs. 5, 1b). If these delta sequences mark ~100ky intervals 
between low stands, 400 m of subsidence suggest rates of 1 mm/y [Steckler et al., 2008; Sorlien 
et al., 2008; TAMAM Scientific Party, 2008].  

 
Fig. 5. Vertically-stacked shelf-edge deltas 

beneath blue, magneta, yellow and green 

horizons. They formed at sea-level or lake 

level during the late Quaternary glacial 

periods and are possibly spaced every 

~100,000 years. They are now 400 to 900 m 

deep. Drilling into these deltas will permit to 

verify the estimated subsidence of 400 m in 

400,000 years at 1mm/yr and also provide 

information on paleoclimate and 

paleoceanography. 

 
The timing and mechanism of the reconnection of the Black Sea and Marmara Sea to the 

world ocean for the late Pleistocene and Holocene have been highly controversial [Stanley and 
Blanpied, 1980; Ryan et al., 1997; 2003; Görür et al., 1997; Ça atay et al., 1999; 2000; Aksu et 
al., 1999; 2002; Ça atay et al., 1999; 2000]. Questions remain regarding the level of Marmara 
Lake at the time of marine incursion and whether the Black Sea outflow to Marmara was 
vigorous and continuous at the time of the reconnection [Ross and Degens, 1974; Stanley and 
Blanpied, 1980; Lane-Serff et al., 1997; Aksu et al., 1999; 2002; Kaminsky et al., 2002; Mudie et 
al., 2002] or discontinuous [Ryan et al., 1997; 2003; Major et al., 2002; 2006; Myers et al., 
2003; Sperling et al., 2003; Giosan et al., 2005]. Drilling into the Marmara Sea will provide 
information about paleoclimate and pale-oceanography of the region as well as the global ocean 
since the Plio-Pleistocene to the present.  

 
Expected New Outcomes 

This deep drilling project addresses key issues regarding the age, growth and seismogenic 
behavior of major continental transform faults. The results will be highly relevant to the 
investigation of other transform boundaries and submarine seismogenic zones worldwide. 
Drilling will permit us to obtain: 

 The age of the basin and its temporal evolution, an important test for existing models. Existing 
data from the Marmara Sea and other transform basins suggest astonishingly rapid tilting and 
subsidence, which may affect erosion and sedimentation processes and imply young ages for 
the basins.  The proposed drilling and dating of the sediments will test these hypotheses and 
provide constraints on models relating to transform motion and basin development.  

 Long-term earthquake chronology can be established from dating earthquake-related sediment 
in precisely located cores.  Such chronology will highlight systematics in earthquake 
recurrence and greatly improve assessments of seismic hazards.  

 Further develop methodologies for submarine earthquake geology, an emerging field that can 
be applied worldwide. Continuous long-term coverage from multiple settings in the same 
basin is essential for understanding the timing, spatial distribution, and processes of 
earthquake-triggered sedimentation. When coupled with high-resolution seismic images the 
core data can form the basis for reconstructing 3D fault kinematics, rather than 2D geometry, 
thus providing fault parameters more pertinent to modeling rupture propagation.  
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 The sediments that will be obtained coupled to seafloor morphological features derived from 
the existing geophysical data will provide information on the vertical component of motion 
contributing to the understanding of the evolution of continental transform basins.  

 Borehole instrumentation and monitoring at one or more holes would be important for 
studying relations between inter- and co-seismic strain in the vicinity of the NAF. 

 The Marmara Sea basins contain a record of paleoclimate and paleoceanography that needs to 
be extracted and can provide high-resolution records for regional and global correlations. 
Semi-isolated basins can preserve enhanced paleoclimatic records (e.g., Santa Barbara Basin). 

 
Path to Achieving Goals 

The first step would be to schedule an international meeting or workshop to develop a 
tectonic and paleoceanographic drilling strategy for the Marmara Sea. We will make use of 
existing data, which is substantial [Okay et al., 1999; 2000; mren et al., 2001; Rangin et al., 
2001; Ça atay et al., 2003; Le Pichon et al., 2001;2003; Leroy et al., 2002; Awata et al., 2002; 
Polonia et al., 2002; 2004; Parker et al., 2003; Sato et al., 2004; McNeil et al., 2004; Halbach et 
al., 2004; Armijo et al., 2002; 2005; Cormier et al., 2006; Seeber et al., 2004; 2006; McHugh et 
al., 2006; Mart et al., 2006; Bindi 2007; Carton et al., 2007; Steckler et al., 2008; Sorlien et al., 
2008; TAMAM Scientific Party, 2008; Geli et al., 2008; Wang et al., 2009]. 

The IODP drilling targets should include tilted syntectonic sequences that allow samples of 
early strata within relatively shallow sections; the basin’s depocenters for submarine earthquake 
geology; the ridges that separate the basins and stacked delta complexes for paleoclimate and 
tectonics, and sites near the main fault for tectonics. The drilling sites should be selected 
collaboratively between the participants and based on an integrated approach that combines the 
existing data and complements the ESONET and EMSO projects. This strategy would take into 
account the precise geometry of the fault system, the pathways for sediment transport, and the 
likely sources of fluid venting.  
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