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Abstract The seismicity along the Main Marmara Fault (MMF) below the Marmara Sea is analyzed during
the 2007–2012 period to provide insights on the recent evolution of this important regional seismic gap.
High precision locations show that seismicity is strongly varying along strike and depth providing fine
details of the fault behavior that are inaccessible from geodetic observations. The activity strongly clusters
at the regions of transition between basins. The Central basin shows significant seismicity located below
the shallow locking depth inferred from GPS measurements. Its b-value is low and the average seismic slip
is high. All observations are consistent with a deep creep of this segment. On the contrary, the Kumburgaz
basin at the center of the fault shows sparse seismicity with the hallmarks of a locked segment. In the
eastern Marmara Sea, the seismicity distribution along the Princes Island segment in the Cinarcik basin, is
consistent with the geodetic locking depth of 10 km and a low contribution to the regional seismic energy
release. The assessment of the locked segment areas provide an estimate of the magnitude of the main
forthcoming event to be about 7.3 assuming that the rupture will not enter significantly within creeping
domains.

1. Introduction

The North Anatolian Fault (NAF) poses a significant hazard for the large cities surrounding the Marmara
Sea region particularly the megalopolis of Istanbul. Indeed, the NAF is presently hosting a long unrup-
tured segment below the Sea of Marmara. This seismic gap is approximately 150 km long and corre-
sponds to the Main Marmara Fault (MMF). Since the 1999 Izmit earthquake which ruptured the eastern
segment to the gap, scientists have been involved in the monitoring of the activity of the fault, using a
large spectrum of techniques [McClusky et al., 2000; Imren et al., 2001; Geli et al., 2008; Çakir et al., 2012].
One of the principal issues for seismic hazard assessment in the region is to know if the MMF is totally
or partly locked [Bohnhoff et al., 2013; Ergintav et al., 2014]. Along locked segments, faults accumulate
strain energy which is relaxed abruptly during major earthquakes. Alternatively as suggested by several
recent studies [Karabacak et al., 2011; Çakir et al., 2012], there are also fault segments along the NAF
that relax part of their tectonic loading continuously in a creeping mode without significant seismic
activity. In this second mode, the accumulated strain energy is expected to be significantly reduced.
Recently, Ergintav et al. [2014] suggested that such a creeping segment exists in the central part of
the MMF.

A first-order quantification of the partition between deformation modes along the fault (i.e., creeping or
locked) is the coupling coefficient. It measures the percentage of deformation accommodated by seismic
events. In the Marmara Sea region, the coupling coefficient is actually difficult to assess because of the
insufficient knowledge of geodetic and seismic strain releases over the last seismic cycle (�250 year). An
alternative for stick-slip fault, as classically introduced in geodesy, is to calculate from GPS profiles, the lock-
ing depth that separates the upper part of the fault which is supposed to be homogeneously locked and
elastically loaded, and the lower part which is fully creeping [e.g., Segall, 2010]. Typically the locking depth
is rather shallow in the Marmara region, 6–7 km [Meade et al., 2002; Ergintav et al., 2007]. But a major chal-
lenge is the presence of the Marmara Sea that conceals the MMF trace and significantly limits the measure-
ments of the fault strain. On the contrary to well-instrumented zones like the San Andreas Fault [Savage and
Burford, 1973; Fialko, 2006], triangulation networks or creep-meters or high resolution InSAR images cannot
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be made along this major strike-slip fault trace. An important concern is to know what can still be assessed
with limited geodetic data.

While geodetic records give long term and large-scale information, microseismicity might be seen as a natu-
ral tracer of the on-going fault deformation on a much finer scale. It provides complementary information
related to local in situ processes [Waldhauser et al., 2004; Lenglin�e and Marsan, 2009; Lenglin�e et al., 2012].
Numerous works on large strike faults such as the San Andreas Fault have shown from seismicity data the
duality of the fault behavior (creeping or locked). Moreover, it is shown to exist not only through depth but
also with strong lateral variations [Wdowinski, 2009; Shelly, 2010]. It is worth pointing out that fault behavior
can also depend on the time in the earthquake cycle (e.g., for the Izmit fault) [Çakir et al., 2012]. However,
the interpretation of microseismicity distribution in terms of fault mechanics is often limited by the low pre-
cision of earthquake locations [e.g., Rubin et al., 1999]. It requires in particular a good network coverage and
important detection capabilities.

The objective of the present study is to provide a high resolution analysis of the seismicity distribution
along the MMF during the 2007–2012 period and to link it to geodetic observations. We first identify
domains along the fault with coherent behaviors. We show the extent of the seismogenic zone both in time
and space and compare it to the geodetic locking depth. We study the lateral variations of statistical proper-
ties of microseismicity (i.e., background seismic rate, b-values, seismic slip distribution). We identify swarms
that might host the nucleation of the next major event [Bouchon et al., 2011] or mark the barriers to large
earthquake ruptures [Reverso et al., 2015]. Finally, we discuss the present seismotectonic behavior of
the MMF.

2. Methods

We used seismic waveform data that were acquired between 2007 and 2012. The data were compiled from
132 seismic stations belonging to local permanent and temporary networks. The map of the seismic

Figure 1. Map of 124 (out of the 132) seismic stations around the Marmara Sea used for this study from two permanent networks (KOERI and MAM) and two temporary networks
(IFREMER and CINNET). The eight stations used and not shown are on the south of this zone. Fault network is from Emre et al. [2013].
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stations used for this study is shown in Figure 1. It includes broadband stations operated by Kandilli Observ-
atory and Earthquake Research Institute (KOERI) and MAM-TUBITAK (the Scientific and Technological
Research Council of Turkey), the short period CINNET stations supported by ANR (the French National
Research Agency), stations installed during the REAKT project by KOERI, the permanent cabled KOERI
OBS stations, and the temporary OBS stations from IFREMER (French Research Institute for Exploitation of
the Sea).

The starting date of 2007 was chosen because of the increase of the station density around the Cinarcik
basin at that period. Detection windows have been obtained from an STA/LTA procedure [Earle and Shearer,
1994]. We manually picked P and S wave arrivals on all detection windows for which we could identify a
clear phase arrival. The earthquake location has been performed from the SEISAN, HYPOCENTER program
[Lienert and Havskov, 1995; Havskov and Ottemoller, 1999] assuming a 1-D velocity model [Karabulut et al.,
2011]. In order to improve the absolute location of the earthquakes, stations delays are also estimated from
the VELEST software [Kissling et al., 1994] and introduced in the location.

The location procedure has been performed independently for two separate regions of the MMF. The first
region comprises the eastern part of the Marmara Sea. It includes the Cinarcik basin and extends westward
to the Istanbul area. In this region, we located 3092 events with a mean RMS error of 0.09 s. The second
area comprises the western Marmara Sea and overlaps with the other region at the longitude of the city of
Istanbul. In this area, we located 1489 events with a mean RMS error of 0.12 s. Numerous events from quarry
blasts have been removed as being shallow daily clusters of events. The obtained earthquake catalog for
the whole Marmara region consists of 4581 events in the region defined in Figure 1. It includes 1936 events
along the MMF zone defined as a roughly 10 km thick region around the fault trace proposed by Le Pichon
et al. [2001] (the zone is broader to the west in the Tekirdag domain where secondary subparallel faults to
the MMF exist). Typical absolute errors in longitude, latitude, and depth are 1 km, 1 km and 3 km,
respectively.

For both regions, earthquakes are then relocated using the HYPODD software [Waldhauser and Ellsworth,
2000]. We first computed time delays for all possible pairs of earthquakes. This is achieved by computing
the time correlation function on 256 samples long signals of two earthquakes at a common station on the
vertical component. All windows start 100 samples before the P wave pick and all signals are first filtered in
the [3–20] Hz frequency band. We retain all estimated delays when the maximum of the correlation func-
tion reaches a value of 0.8 or higher. Cross-correlation P wave travel time delays were associated with P and
S waves delays computed from the picked arrival times. We finally relocated 3830 events out of the initial
4581 locations. Local magnitudes (Ml) were estimated by first removing the instrument response and then
extracting the maximum amplitude of the signal convolved with a Wood Anderson response. Figure 2a
shows the geographical and depth distribution of the seismicity.

We compared our catalog to the KOERI catalog obtained from permanent stations only (see Appendix A)
(http://www.koeri.boun.edu.tr/sismo). We observed that our catalog contains in the MMF region twice as
many events (colored circles in Figures 2 and A1). Both figures share similarities like a very sparse distribu-
tion in the Kumburgaz domain but map and depth sections from our catalog show clearly more focused
event distribution and a larger range of magnitudes. Figure A2 compares the distributions of event magni-
tudes for the MMF region using: (1) all events of the present catalog in the defined region, (2) events of the
present catalog that also exist in the KOERI catalog, and (3) events of the KOERI catalog. All distributions
were fitted using the same maximum-likelihood method described by Ogata and Katsura [1993] assuming
the observed frequency distributions to be constant in time and space within the prescribed domain. Using
the same procedure provides estimates of Mc and b-values that can be quantitatively compared. First, we
were able to significantly reduce the completeness magnitude of our catalog from Mc � 3:2 to Mc � 1:9
over the whole MMF and to obtain a relevant b-value: b50:9460:07. Interestingly, using events from
our catalog with similar origin times and locations as the KOERI catalog provides an intermediate Mc52:4
and a comparable b-value: b51:0660:12. We inferred from this comparison that the KOERI catalog has
an inaccurate magnitude estimation particularly for small events which might be related to the limited
azimuth coverage of the KOERI network. Applying our magnitude computation on the KOERI events
provides a significant improvement of the event distribution and magnitude completeness. Accordingly the
catalog proposed here allows for monitoring at best the fine details of the recent seismic activity along
the MMF.
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3. Results

3.1. Four Segments Along the MMF
Based on the geographical and depth distribution of microseismicity between 2007 and 2012, four seg-
ments are defined along the MMF (see Figure 2) corresponding to the four major basins of the Marmara
Sea. To the west, in the Tekirdag basin (TB) and Central basin (CeB), seismicity is abundant and distributed
over a wide depth range (from surface to 17 km). At the transition between TB and CeB (see Figure 2 at lon-
gitude 27.748 corresponding to the Western High) [Le Pichon et al., 2001] we observe numerous earthquakes
along a very extended cluster in depth. They are possibly related to fault offsets. As noted by Weaver and
Hill [1978] for the San Andreas Fault system, the depth extension h of a seismic cluster can be related to the
fault offset l: h=l � 1. Following this argument, it suggests that a significant complexity of the MMF trace
exists there.

To the east, in the Cinarcik basin (CB), seismicity is geographically uniformly distributed along the Prin-
ces Islands (PI) segment. It spreads within a narrow depth range between 8 and 14 km except at both
ends of this basin where the seismicity extends vertically up to the surface as recently observed by
Bohnhoff et al. [2013]. To the west, the extended seismic cluster corresponds to the kink of the MMF
where its strike exhibits a significant change from a NW-SE to a E-W. In the eastern Marmara, the seismic
cluster is located in the Tuzla region at the transition with the Izmit fault corresponding to a local com-
plex structure. For both clusters of this segment (i.e., the kink cluster and the Tuzla cluster), the argument
of Weaver and Hill [1978] about the link between fault offset and depth extension of seismic clusters is
then expected to hold.

On the contrary, in the Kumburgaz basin (KB) located in the center of the Marmara Sea, seismicity
is very sparse. It is of interest to see that it shares similarities with the ruptured Ganos segment
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Figure 2. (top) Map and (bottom) cross section of the seismicity along the Main Marmara Fault during the period 2007–2012. Four domains are introduced: the Tekirdag basin (TB) in yel-
low, the Central basin (CeB) in green, the Kumburgaz basin (KB) in orange, and the Cinarcik basin (CB) in red. All the regional seismicity away from the MMF is plotted in white. Bathyme-
try is from Armijo et al. [2005]. Fault network is from Le Pichon et al. [2001] (GaF for Ganos fault, IF for Izmit fault, and GeF for Gemlik fault). Geographical details are in Figure 1. Dotted
lines in the depth section show the geodetically estimated locking depth of each domain (see text for references).
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(1912 earthquake) to the west and the Izmit segment (1999 earthquake) to the east where there is also very
little seismicity.

3.2. Seismic Energy Map
In order to estimate the relative importance of the seismicity in the different subregions of the Marmara
Sea, we computed the cumulative seismic energy from 2007 to 2012 using the relationship from Kanamori
and Anderson [1975]: E5101:5M14:8 between the seismic energy E and the magnitude M (see Figure 3). The
geographical grid for this computation is ½0:035�; 0:022��, respectively, in longitude and latitude. There is no
estimate where no event was detected. Also the largest seismic events M � 4 are superimposed in gray in
the figure. First, we see from Figure 3, that zones of high seismic energy release are typically related to the
presence of a large event as expected, but they are not all related to the MMF. The Yalova-Cinarcik activity
on the south of the Cinarcik basin is a good example. The western termination of the Gemlik fault is
another. Second, only the western part of the MMF, in the Tekirdag (TB) and the Central basin (CeB), is host-
ing major regional events. It makes a significant difference with the eastern part of the MMF, i.e., the Princes
Islands (PI) where the abundant seismicity is not really contributing to the regional seismic energy release.
Interestingly, zones of high energy release on the west side of the MMF (in the TB and CeB) are regularly
spaced by a typical distance of the order of 20 km which is significantly larger than the rupture length of
the largest event in the clusters.

The lack of moderate earthquakes in the eastern Marmara Sea is consistent with a spatially diffuse activity
in the Cinarcik basin over at least four main structures from north to south: the PI segment of the MMF, the
termination of the Izmit Fault in the Cinarcik basin, the Yalova-Cinarcik cluster, and the Gemlik fault (as
clearly shown in Figure 2 when summing the red and white dots on the right part of the figure between
longitudes 28:8� and 29:3�). In this region, most of the events have normal fault mechanisms as shown in
Bulut et al. [2009] and Karabulut et al. [2011]. It reflects that only part of the regional tectonic loading is
released by the MMF segment in the Cinarcik basin as proposed from GPS inversion by Hergert and Heid-
bach [2010]. On the contrary, the deformation in the western Marmara region is localized mostly along the
MMF except at the very western termination of the fault where a diffuse activity exists around the Marmara
Island possibly related to the South Marmara Fault [Le Pichon et al., 2014].

3.3. Depth Distribution and Locking Depth
In order to characterize the seismogenic zone of the MMF, we compute the depth distribution of the seis-
micity for the four segments and its evolution with time (see Figure 4). Depth extent is stationary in time
and shows a clear cut-off at a depth that defines the seismogenic depth ds. We estimated ds from the 90%
cumulative depth distribution: for TB, CeB, and KB, ds � 13 km and for CB: ds � 11 km (Figure 4). We note
that in the Kumburgaz basin, the sparse seismicity is rather evenly distributed in time and depth which con-
firms that the location accuracy is homogeneous in time and space, with no loss of sensitivity with depth or
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Figure 3. Cumulative seismic energy map using the relationship from Kanamori and Anderson [1975] between seismic energy and magnitude: E5101:5M14:8. Energy is accumulated from
1 January 2007 to 31 December 2012. The largest events (M � 4) are superimposed in gray. Fault network is from Le Pichon et al. [2001].
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during specific time periods. We also checked that the magnitude of completeness does not change with
depth such that the lower limit of seismicity reflects a real transition and not a low detection capability. In
both western and eastern domains, the seismicity is maximum at around 8 km depth and decreases signifi-
cantly at shallower depths. However gas or fluid induced seismicity in the sediments are possible and might
explain the shallow activity [Geli et al., 2008].

Geodetic measurements along strike-slip faults are typically interpreted by assuming two domains in the crust:
the upper and the lower crust, separated in simple models by a no-thickness brittle-ductile transition at the
so-called locking depth [e.g., Segall, 2010]. Seismicity is assumed to develop above this locking depth, where
the brittle and velocity weakening mechanisms prevail. Below the locking depth, the crust is expected to
respond to the plate driving force ductily following velocity strengthening processes with no seismicity. A pre-
cise locking depth is difficult to assess geodetically in the Marmara Sea region owing to the lack of GPS sta-
tions close to the fault. When estimated at large scale (i.e., the Marmara Sea scale), the locking depth is
relatively small (6–7 km) considering a southern path of the MMF and even smaller (2–3 km) when the fault
trace includes the details of the present study [Meade et al., 2002]. However, at smaller scale, i.e., the basin
scale, it shows significant lateral variability seismically as illustrated in Figure 2 (bottom). To the west of the

Figure 4. (left) Depth and (right) depth-time distribution of the MMF seismicity along the four domains of the Marmara Sea (same colors as in Figure 2). From top to bottom: Tekirdag
basin (TB), Central basin (CeB), Kumburgaz basin (KB), and Cinarcik basin (CB). On the depth distributions, the horizontal dotted line corresponds to the seismogenic depth defined
as the 90% limit of the cumulative distribution. Largest events (M � 4, shown in Figure 3) are superimposed in gray. Superimposed in blue is the cumulative number of events since
1 January 2007.

Geochemistry, Geophysics, Geosystems 10.1002/2015GC006120

SCHMITTBUHL ET AL. MMF SEISMICITY 959



MMF, on the Ganos segment the locking depth extends to 14 km [Ergintav et al., 2007]. On the eastern part of
the MMF, in the Cinarcik basin, it is estimated to be of the order of 10 km [Ergintav et al., 2014]. At the center,
in the Kumburgaz basin, the locking depth has been proposed to be very shallow (i.e., fully creeping domain)
using a GPS profile which integrates stations over a broad domain (�80 km along the fault) covering both the
Kumburgaz and the Central basins (KB and CeB) [Ergintav et al., 2014]. We will assume here that the later con-
cerns mostly the Central basin (CeB) as shown in Figure 2 (bottom).

We use the Cinarcik basin as a reference in terms of fault behavior since the seismicity distribution in depth,
ds � 11 km, (Figure 4 for CB in red) corresponds to the locking depth of 10 km obtained by combining geo-
detic and seismicity data [Ergintav et al., 2014]. We show that this is significantly different from the Central
basin where most of the seismicity exists below the inferred GPS locking depth. It defines in the Central basin
an extended brittle-ductile transition zone up to 14 km wide (from 3 to 17 km depth) where deep creeping
might exist, as introduced by Wdowinski [2009] for the central segment of the San Jacinto Fault in California.

Figure 4 shows also the evolution of the cumulative number of events for each segment (in blue). Having a
similar completeness magnitude in each segment (see Figure 5) allows to compare activity histories. A
nearly constant background activity is taking place in the Tekirdag basin (TB) even if a moderate earthquake
(M 5 4.5) happens in this domain (gray circle in the figure). The same background rate emerges in the Cen-
tral basin (CeB) between the three seismic crises related to M> 4 earthquakes where the cumulative num-
ber of events show significant steps. Surprisingly, these moderate events have a much larger influence with
their aftershock sequences on the cumulative number of events than the M 5 4.5 event in the Tekirdag
basin (TB). The Kumburgaz basin (KB) also shows a constant background rate but significantly smaller. In
the Cinarcik basin (CB), the background rate is also regular and higher with no specific aftershock sequen-
ces. Some swarms are noticeable and the lower rate for the year 2012 is mainly attributed to a change of
the earthquake detection level in this area.

3.4. Lateral Variations of Magnitude Distribution
The b-values of each domain (TB, CeB, KB, CB) are computed from magnitude frequency distributions using
the maximum-likelihood method of Ogata and Katsura [1993] (see Figure 5). The b-value of the central part
(KB) is not well resolved because of the low level of seismicity. However, the distribution shows that the
magnitude completeness of this segment is on the order of Mc � 2 meaning that the overall lack of seismic-
ity along this segment is well resolved. Two important observations have to be made for the whole MMF.
First the b-value of the western Marmara domain (TB and CeB) is significantly lower than that of the east
Marmara domain (CB), b � 0:90 and b � 1:20, respectively. Figure 5 also confirms the larger number of
M> 3 events in TB and CeB as suggested from Figures 2 and 3. Second, the b-values of the TB and CeB are
very similar despite different aftershock behaviors after similar moderate events (M � 4): very little aftershock
sequence in TB, major aftershock sequence in CeB as shown by the cumulative number of events.

The link between b-values and fault rheology (locked or creeping) has been previously addressed [e.g.,
Wyss et al., 2004; Scholz, 2015]. It is observed for instance along the San Andreas Fault that locked seg-
ments exhibit a small b-value compared to creep segments with a large b-value. This is explained

Figure 5. Earthquake magnitude distributions for each zone (colored circles—same colors as in Figure 2) using the catalog of this study. From left to right: Tekirdag basin, Central basin,
Kumburgaz basin, and Cinarcik basin. Magnitude completeness (Mc) and b-values are obtained using the objective Bayesian method of Ogata and Katsura [1993] corresponding to the
dotted black line.
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from the following argument:
high differential stresses in
locked segment favor large
earthquakes. Recent experi-
mental results on Westerly
granite samples have been
proposed by Goebel et al.
[2013] to support this link
between the variability of the
b-value and the differential
loading stress. However, it has
been shown by Amitrano et al.
[2005] that this effect could
also be explained by the

change of a cut-off scale in the event size distribution when reaching failure and not necessarily by a
change of b-value. Here we interpret the b-value fluctuations differently using the results of a quantita-
tive mechanical model of distributed heterogeneous damage and its validation with a set of related
laboratory experiments [Amitrano, 2003]. Indeed Amitrano shows that b-value changes are linked to
the differences in the rheology of the material possibly related to the confining stress. Small b-values
are shown to be related to a low internal friction angle and a ductile behavior obtained at high confin-
ing stress. High b-values are related to a high internal friction angle and a brittle behavior at low con-
fining stress. These extended results suggest that regions with ductile behavior should have a low b-
value and locked regions, a high b-value, contrary to the previous view. We checked that this relation-
ship is valid on the San Jacinto Fault comparing the b-value of the deep creeping central segment to
that of the locked southern segment. We then interpret the west Marmara segment as hosting a duc-
tile dominated mode of rupture with high minimum stress while the PI segment on the eastern part
rather behaves in a more brittle regime with low minimum stress. This partition is also compatible with
a shallow locking depth in the west (TB and CeB) and a deeper locking depth to the east (CB).

3.5. Seismic Slip Rate
A rough estimate of the variation of the seismic coupling along the MMF can be estimated from the seismic
slip rate. The seismic slip rate over a fault zone can be assessed from the seismic moment rate deduced from
the seismicity catalog providing position, and magnitude of each event. Wdowinski [2009] used this approach
for the San Jacinto Fault (SJF) which is part of the San Andreas Fault system. He compared the seismic slip
rate estimated from the seismic catalog at depth to the geodetic slip rate measured from surface surveys. The

seismic slip rate is estimated as: v5 1
lADT

X
DT

M0 where l is the shear modulus, A is the fault area, and DT is

the duration of the catalog. The seismic moment M0 for each event is deduced from the magnitude M using
Kanamori’s law [Kanamori and Anderson, 1975]: log ðM0Þ51:5M19:1 although it is mostly valid for moderate
to large earthquakes worldwide. He showed that the seismic slip rate along the SJF segment was locally high
but still a small part of the geodetic slip rate: 0.5 mm/yr versus 12–22 mm/yr. He concluded that along this
segment, elastic strain energy is released continuously both seismically and aseismically at the lower level of
the seismogenic crust, at depths of 10–17 km, i.e., below the locking depth.

We applied the same approach to our catalog using l 5 35 GPa from an average density of 2800 kg/m3, a P
wave velocity of vp56:2 km/s, vp=vs51:74 where vs is the S wave velocity [Karabulut et al., 2011] and DT56
year for the 2007–2012 period. Figure 6 shows the deduced slip rate for each domain using a seismogenic
zone of 17 km. The profile of the event rate per year computed every 5 km along the MMF is also plotted.

From this calculation, we can hardly have a quantitative measure of the seismic coupling [Scholz, 2002] in
each domain since the observation period is rather short (6 years) compared to the typical duration of the
seismic cycle (�250 years). Nevertheless, a major observation emerges, the magnitude of the seismic slip
rate is maximum in the Central basin (CeB). It is more than two orders of magnitude larger than in the Kum-
burgaz basin. In the Cinarcik basin (CB), the event rate is noticeably high in particular at the location of the
segment termination clusters (i.e., the Tuzla cluster and the kink cluster). Interestingly, in the Tekirag basin
(TB), the slip rate is significantly smaller than that of the Central basin (CeB) even if a M 5 4.5 event happens.

Figure 6. Profile along the MMF of the annual event rate (in red), per slices of 5 km along
the fault. The color bar shows the extension of the four domains as defined in Figure 2.
The black line shows the average seismic slip rate estimated from the method proposed
by Wdowinski [2009] using a shear modulus l 5 35 GPa and a fault thickness of 17 km.

Geochemistry, Geophysics, Geosystems 10.1002/2015GC006120

SCHMITTBUHL ET AL. MMF SEISMICITY 961



Following the arguments of Wdowinski [2009], it suggests that the Central basin segment can be compared
to the central part of the San Jacinto fault where a deep creep is proposed: similar high seismic slip rates
(0.35 mm/yr versus 0.5 mm/yr), similar geodetic slip rates (23 mm/yr versus 17 mm/yr), similar strike slip tec-
tonic configuration with a transition to a fully locked region (the Kumburgaz segment versus the Southern
San Jacinto segment).

4. Conclusions

Our detailed study of the recent seismicity along the Main Marmara Fault provides new constraints on the
degree of coupling on segments of the fault system in the Sea of Marmara. The major result is that the Cen-
tral basin (CeB) segment behaves very differently from the rest of the MMF. The seismogenic depth ds � 13
km defined from the 90% of the cumulative depth distribution, is much deeper than the geodetic locking
depth dg � 023 km [Meade et al., 2002; Ergintav et al., 2014]. In other words, most of the seismicity is taking
place below the locking depth and above the ductile root of the fault. This is very different from the Cinarcik
basin (CB) where ds � dg. The b-value of the Gutenberg-Richter distribution in CeB is significantly lower
than the b-value of CB to the east (respectively, 0.9 and 1.2). This b-value contrast can be related to Amistra-
no’s results [Amitrano, 2003] suggesting that the fault rheology is rather ductile to the west and brittle in
the eastern MMF. Moreover, the seismic slip rate estimated from the cumulative seismic moment is more
than two orders of magnitude larger in CeB than in the Kumburgaz segment (KB). As proposed by Wdowin-
ski [2009], a high seismic slip rate in a domain below the locking depth is the signature of creep on the fault.
Following all these arguments, the Central basin has all the indirect evidences of a domain where aseismic
slip is significant. If so, it continuously relaxes significant shear stress without major seismic events (M> 5).
Figure 7 summarizes our interpretation of the present behavior of the different basins of the MMF.

Our observations show also that the low level of seismicity on the Kumburgaz segment at the center of the
MMF is being well resolved (comparison above the completeness magnitude). The seismicity rate there is
far below the rate of west Marmara (CeB and TB). This segment exhibits a fully locked behavior similar to
the Ganos segment which hosted the 1912 earthquake. In the Cinarcik basin, the situation looks intermedi-
ate as proposed by Bohnhoff et al. [2013] with seismicity mostly at the geodetic locking depth of �10 km.

The Main Marmara Fault is a major seismic gap. In this context, the estimate of the locked segment area
provides an estimate of the magnitude of the main forthcoming event assuming that the rupture will not
enter significantly within creeping domains. With a length of 45 km and a seismogenic zone of 12 km
for the locked zone, a shear modulus of 35 GPa, a tectonic velocity of 23 mm/yr and a seismic cycle of 250
year, the expected seismic moment of an event extending over the Kumburgaz segment is of the order of
1:1 � 1020 Nm (i.e., Mw � 7:3). The two adjacent domains (the Central basin segment and the Princes Island
segment) could be at the seat of moderate earthquakes or could rupture with the Kumburgaz segment.
Moreover, the simple geometry and the very poor activity along the Kumburgaz segment are the signature
of very little stress heterogeneities along the fault plane, making it a good candidate for supershear rupture
[Bouchon and Karabulut, 2008]. If repeating foreshocks were expected to develop [Bouchon et al., 2011],
they should emerge at depth below or at the boundaries of the segment, possibly along the vertically
extended deep observed swarms.

Figure 7. Interpretation of the MMF behavior (see text). The sedimentary basin depth is reproduced after Bayrakci et al. [2013].
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Appendix A: Comparison With KOERI Catalog

To test the quality of our catalog, we compare it with the catalog of KOERI for the same period and same
region (3094 events, out of which 873 are along the MMF) (http://www.koeri.boun.edu.tr/sismo). The KOERI
catalog is compiled from permanent stations only. First, we show the map and depth section of the seismic-
ity obtained from this catalog (see Figure A1).

Second, we compare the Gutenberg-Richter distribution along the MMF domain using the same tech-
nique as in Figure 5 (see Figure A2) but using three subcatalogs: events only extracted from the KOERI
catalog, events that exist in the KOERI catalog but using our local magnitude estimate and events entirely
from our catalog.
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stations.

0

1

2

LO
G

(N
(M

))

0 1 2 3 4 5

Magnitude

0

1

2

LO
G

(N
(M

))

0 1 2 3 4 5

Magnitude

0

1

2

LO
G

(N
(M

))

0 1 2 3 4 5

Magnitude

b= 2.20+/−0.25
Mc= 3.2+/−0.1

b= 1.06+/−0.12
Mc= 2.4+/−0.2

b= 0.94+/−0.07
Mc= 1.9+/−0.1

Figure A2. Comparison of the earthquake magnitude distribution for the MMF zone defined as the merge of TB, CeB, KB, and CB domains, using (left) events from the KOERI catalog; (middle)
events from the present catalog that exist in the KOERI catalog; and (right) all events from the present catalog.

Geochemistry, Geophysics, Geosystems 10.1002/2015GC006120

SCHMITTBUHL ET AL. MMF SEISMICITY 963

http://www.koeri.boun.edu.tr/sismo


References
Amitrano, D. (2003), Brittle-ductile transition and associated seismicity: Experimental and numerical studies and relationship with

the b value, J. Geophys. Res., 108(B1), 2044, doi:10.1029/2001JB000680.
Amitrano, D., J. R. Grasso, and G. Senfaute (2005), Seismic precursory patterns before a cliff collapse and critical point phenomena, Geophys.

Res. Lett., 32, L08314, doi:10.1029/2004GL022270.
Armijo, R., et al. (2005), Submarine fault scarps in the Sea of Marmara pull-apart (North Anatolian Fault): Implications for seismic hazard in

Istanbul, Geochem. Geophys. Geosyst., 6, Q06009, doi:10.1029/2004GC000896.
Bayrakci, G., et al. (2013), 3-D sediment-basement tomography of the Northern Marmara trough by a dense OBS network at the nodes of a

grid of controlled source profiles along the North Anatolian Fault, Geophys. J. Int., 194(3), 1335–1357.
Bohnhoff, M., F. Bulut, G. Dresen, P. E. Malin, T. Eken, and M. Aktar (2013), An earthquake gap south of Istanbul, Nat. Commun., 4.
Bouchon, M., and H. Karabulut (2008), The aftershock signature of supershear earthquakes, Science, 320(5881), 1323–1325.
Bouchon, M., H. Karabulut, M. Aktar, S. Ozalaybey, J. Schmittbuhl, and M. Bouin (2011), Extended nucleation of the 1999 m-w 7.6 Izmit

earthquake, Science, 331, 877–880.
Bulut, F., M. Bohnhoff, W. L. Ellsworth, M. Aktar, and G. Dresen (2009), Microseismicity at the North Anatolian Fault in the Sea of Marmara

offshore Istanbul, NW Turkey, J. Geophys. Res., 114, B09302, doi:10.1029/2008JB006244.
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