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S U M M A R Y  
We present the contemporary 3-D background stress field of the Marmara Sea region derived from 
a geomechanical model. The background stress field (i.e. the component of the absolute stress state 
that is time-independent over the seismic cycle) primarily depends on the distribution of density 
and elastic parameters, on the acting far-field stresses from plate boundary forces and on fault ge-
ometries. We take these into account to predict the 3-D background stress field including its spatial 
variations. Technically, our model concept involves the definition of an appropriate initial stress 
state accounting for the gravitational reference stress state of the crust, which is then changed by 
plate tectonics until the 3-D background stress field has evolved. The modelled stress field agrees 
well with observations from earthquake focal mechanism solutions and their formal stress inver-
sion, with orientation of maximum horizontal stress and with the distribution of seismicity in the 
Marmara Sea. In particular in the vicinity of fault bends the stress field deviates considerably from 
the regional NW-SE oriented maximum horizontal stress and exhibits variability of the stress re-
gime. Our model results are consistent not only with dynamic observations but also with kinematic 
ones. Various kinematic observations are understandable from the stress field. We show that a 
stress regime that indicates normal faulting in the basins is nonetheless reconcilable with almost 
pure strike-slip motion on the Main Marmara Fault. The distribution of seismicity in the Marmara 
Sea can be explained in first order by the distribution of critical differential stress, which is closely 
related to local fault geometries. We refer the wide absence of seismicity between the bend of the 
Main Marmara Fault near Istanbul and the Central basin to the relatively plane fault geometry of 
that segment. Normal stress on the Main Marmara Fault is highly variable along strike, which 
makes segment-wise rupture more likely than a rupture of the seismic gap at once. Comparably 
low normal stress on the Prince’s Islands Segment indicates a shorter interevent time for this fault 
segment than for the central segment of the Main Marmara Fault. 

Key words: Numerical solutions; Geomechanics; Transform faults; Dynamics: seismotectonics. 
 
 
 
1  INTRODUCTION 
 
In general, the absolute state of stress within a plate boundary 
region can be described as a superposition of two components 
that act on different temporal scales. The first component is 
what we call herein the background stress field that primarily 
originates (a) from the regional density distribution subjected 
to gravity, (b) from the far-field plate boundary forces such as 
ridge push, slab pull and collision of tectonic plates (Zoback 
1992) and (c) from active faults as well as from local density 
and stiffness contrasts that cause perturbations of the regional 
stress field (Heidbach et al. 2007). 

The background stress field can be assumed as time-
independent within periods of several thousand years. The 
second component of the absolute stress state are stresses 
associated with the seismic cycle, that is, stress build-up at 

locked faults during the interseismic period, stress drop dur-
ing an earthquake and post-seismic stress relaxation (Lo-
renzo-Martin et al. 2006; Hearn et al. 2009). Thus, in partic-
ular near seismically active faults the absolute stress field is 
time-dependent. 

In the Marmara Sea region the time-dependent component 
of the absolute stress field has been quantified in terms of 
changes of Coulomb Failure Stress (∆CFS) due to co-, inter- 
and post-seismic stress transfer to quantify seismic hazard 
(Hubert-Ferrari et al. 2000; Parsons et al. 2000; Muller 
et al. 2003, 2006; Parsons 2004; Lorenzo-Martin et al. 
2006). The time-independent component, that is, the back-
ground stress field, has been used to calculate ∆CFS on opti-
mally oriented planes (Stein et al. 1997; Hubert-Ferrari et al. 
2000; Lorenzo-Martin et al. 2006) and to simulate dynamic 
rupture propagation (Oglesby et al. 2008). Commonly, the 
background stress field is approximated by a uniform orienta-
tion of the maximum horizontal stress (ߪு) and its magni-
tude. For the Main Marmara Fault (MMF) Oglesby et al. 
(2008) point out that rupture propagation crucially depends 
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on the adopted background stress field. In this respect, it is 
vital to quantify the non-uniform background stress field 
including its perturbations arising from the complex fault 
geometries and heterogeneities in rock properties beneath the 
Marmara Sea. 

Our present knowledge of the contemporary background 
stress field in the Marmara Sea region comes from earth-
quake focal mechanisms and their formal stress inversion 
(Eyidoğan 1988; Taymaz et al. 1991; Gürbüz et al. 2000; 
Örgülü & Aktar 2001; Karabulut et al. 2002; Kiratzi 2002; 
Özalaybey et al. 2002; Polat et al. 2002a; Pınar et al. 2003; 
Sato et al. 2004; Bohnhoff et al. 2006; Bulut & Aktar 2007; 
Bulut et al. 2007). From these the ߪு orientation can be esti-
mated as well as the tectonic regime (Anderson 1905; Zoback 
1992). Data of the World Stress Map (WSM) database re-
lease 2008 (Heidbach et al. 2008b) show that the ߪு orienta-
tion in the greater Marmara Sea region rotates from NNW-
SSE in the East over NW-SE in the Marmara Sea to E-W in 
the North Aegean Sea (Fig. 1a). This reflects that in this 
region two far-field stress sources are superimposed: (1) the 
indentation of the Arabian Plate into Eurasia and the conse-
quent lateral extrusion of the Anatolian Plate along the North 
Anatolian Fault, and (2) the N-S directed backarc spreading 
in the broader Aegean due to the roll-back of the Hellenic arc 
subduction zone (McKenzie 1972; Le Pichon & Angelier 
1979; Taymaz et al. 1991; Heidbach & Drewes 2003). In the 
Marmara Sea local variations of ߪு orientation and tectonic 
regime appear (Fig. 1b), which indicates that structural com-

plexities also affect the stress field. 
To obtain a spatially continuous 3-D background stress 

field instead of point-wise information of ߪு orientation and 
tectonic regime 3-D geomechanical modelling becomes ef-
fective. This requires consideration of sources of stress that 
are not needed when aiming at stress differences such as 
∆CFS. So far, geomechanical models that fit stress observa-
tions are mainly 2.5 D approaches that solve the equations of 
equilibrium in 2-D and add the integrated effect of the verti-
cal stress due to the given density distribution (Provost et al. 
2003; Bird et al. 2006; Ghosh et al. 2006; Flesch et al. 2007; 
Humphreys & Coblentz 2007; Heidbach et al. 2008a; Carena 
& Moder 2009). However, the thin-plate approximation as-
sumes as a prerequisite that lateral variations of stiffness and 
density are of larger wavelength than the thickness of the 
crust. This is not the case in the Marmara Sea region with its 
steep gradients in bathymetry, basement-topography and 
Moho (Laigle et al. 2008). 

Here, we present a 3-D geomechanical model of the 
Marmara Sea region that solves the 3-D equations of equilib-
rium of forces. It incorporates the structural complexities and 
inhomogeneous rock property distribution to predict the 3-D 
contemporary background stress field and its spatial varia-
tions. An integral part of our approach to model the back-
ground stress field is to define an appropriate initial stress 
state in the model that represents a gravitational reference 
stress state of the crust, before we apply plate tectonic bound-
ary conditions. 

Figure 1. Stress maps based on data from the World Stress Map (WSM) database release 2008 (Heidbach et al. 2008b). Coloured lines show the orientation of 
maximum horizontal compressional stress (ߪு) with line length proportional to data quality. Red indicates normal faulting tectonic regime, green strike-slip 
and blue thrust faulting. Grey lines on a grid display mean ߪு orientation calculated with a quality- and distance-weighted smoothing algorithm (Müller et al.
2003; Heidbach et al. 2010). (a) NW Anatolia. Mean ߪு orientations are calculated using a search radius of 75 km. (b) Marmara Sea area. Mean ߪு orienta-
tions are calculated with a search radius of 25 km. Note, that the tectonic regime changes on short spatial scales indicating either that principal stresses are of 
similar magnitude or that local effects due to active faults and lateral density and stiffness contrasts change the stress field. (b) shows the area of our model. 
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The model set-up we use is exactly the same as described 
in Hergert et al. (2011, herein cited as Paper I). For details on 
the tectonic setting of the Marmara Sea region, the model 
geometry, rock properties and tectonic boundary conditions 
we refer to Paper I. If not stated otherwise, all results present-
ed herein are from the model with MAT_lay rock property 
distribution (table 1 in Paper I) and an effective coefficient of 
friction of µ′ = 0.05 on all faults. 

To validate the model, we compare the modelled stress 
field with model-independent stress data such as ߪு orienta-
tions, stress inversions of earthquake focal mechanisms, data 
reflecting the tectonic regime and the distribution of seismici-
ty. We critically discuss our model limitations and uncertain-
ties, but also outline the challenges and perspectives of our 
approach with respect to earthquake hazard assessment. In 
the following section, we present our approach for the defini-
tion of a 3-D initial stress state of the Marmara model. 
 
 
2  INITIAL STRESS STATE 
 
We model the contemporary background stress field in two 
steps. In the first step, we establish an initial stress state, 
which describes the state of stress in the absence of plate 
tectonic stresses. This initial stress state is based on an analyt-
ical description of the reference stress state of the crust 
(McGarr 1988; Jaeger et al. 2007; Zang & Stephansson 
2010), which accounts for an appropriate ratio of the mean 
horizontal to vertical stress. In addition to the reference stress 
state, our implemented initial stress accounts for the inhomo-
geneous distribution of rock density and stiffness in the field 
of gravity. Thereafter in the second step, we apply kinematic 
boundary conditions that simulate the far-field stresses result-
ing from the plate boundary forces (Paper I). 

Several analytical stress states have been proposed to de-
scribe the reference stress state of the crust. To evaluate these 

in the light of observations we first present a global compila-
tion of stress magnitude measurements. 
 
2.1 Compilation of stress magnitude measurements 
 
Measurements of stress magnitudes in boreholes and mines are 
limited to the upper few kilometres of the crust. Fig. 2 shows a 
global compilation of the ratio ݇  of the magnitude of mean 
horizontal stress ߪுഥ ൌ ሺߪு ൅ -௛ሻ/2 to the magnitude of vertiߪ
cal stress ߪఔ (ߪு and ߪ௛ are the maximum and minimum hori-
zontal stress, respectively). The ݇-values are in the range from 
about 0.4 to over 3 and there is evidence for increasing ݇-
values towards the surface. 

All these stress measurements include both, the reference 
stress state and the tectonic stresses. This implies that in the 
compiled ݇-values the reference stress state is obscured by 
the tectonic stresses, which depending on the tectonic setting 
increase or decrease the ݇-value of the reference stress state. 
As an example, the ݇-value at the pilot borehole of the San 
Andreas Fault Observatory at Depth (SAFOD) is between 1.7 
and 2.3 (Hickman & Zoback 2004), which is well above the 
values measured at other places (Fig. 2). Here the tectonic 
boundary conditions due to the transpressive plate boundary 
between the Pacific Plate and the North American Plate add 
to the horizontal stress of the reference stress state and in-
crease the ݇-value. Conversely, the ݇-value in areas under 
extension is reduced with respect to the reference stress state. 
The data set comprises stress magnitudes from all tectonic 
regimes and the high-quality stress magnitude data from the 
Continental Deep Drilling Program (KTB; Brudy et al. 1997). 
 
2.2 Analytical models of the reference stress state 
 
A widely used description of the reference stress state results 
from the vertically downward acting force of gravity and the 
assumption of horizontal displacements constrained to zero 

Figure 2. Global compilation of ݇-values (݇ = ߪுഥ/ߪ୚) from >300 m depth (for references see Supporting Information) including data from the KTB site (Bru-
dy et al. 1997) and the SAFOD pilot hole (Hickman & Zoback 2004); details on the compilation are given in the Supporting Information. Dashed line shows ݇-
values from Poisson’s constraint for 0.25 = ߥ (eq. 1). Dotted line shows the ݇-value in poroelastic rock for 0.25 = ߥ, hydrostatic pore pressure ௙ܲ, 1 = ߙ and ߩ
= 2.65 g cm–3 (eq. 2). Solid line shows eq. (3) for the Young’s modulus measured at the KTB site. 
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(i.e. uniaxial strain condition). The magnitude of the vertical 
stress ߪ௏ can be approximated by the weight of the overbur-
den. For homogeneous and isotropic rock the mean horizontal 
compressional stress ߪுഥ  is then given by 
 

ுഥߪ ൌ
ߥ

1 െ ߥ
୴ߪ ൌ ୴ (1)ߪ݇

 
with ߥ the Poisson’s ratio (Jaeger et al. 2007). In poroelastic 
rock another term adds to the horizontal stress at uniaxial 
strain condition (Engelder & Fischer 1994) 
 

ுഥߪ ൌ
ߥ

1 െ ߥ
୴ߪ ൅ ߙ

1 െ ߥ2
1 െ ߥ ௙ܲ (2)

 
where ௙ܲ is pore fluid pressure and ߙ the Biot coefficient of 
effective stress. With 0.25 = ߥ, hydrostatic pore fluid pres-
sure, density 2.65 = ߩ g/cm3 and 1 = ߙ the value of ݇ is ~0.6. 
Neglecting pore fluid pressure the ݇-value is 1/3 (from eq. 
(1)). However, Fig. 2 shows that the ݇-value of 1/3 is even 
lower than the values measured in areas under extension and 
it does not reflect the observed increase towards the surface. 
Therefore, this analytical stress state is in general not appro-
priate (McGarr 1988). 

Another analytical description of the reference stress state 
was proposed by Sheorey (1994). For the uppermost kilome-
tres of the crust Sheorey (1994) provides an approximation 
for the ݇-value 
 

݇ ൌ 0.25 ൅ ሺ0.001ܧ7 ൅ ሻ, (3)ݖ/1

 

where ܧ is Young’s modulus (GPa) and ݖ depth (m). Regard-
less whether or not the physical grounds behind eq. (3) are 
justified, it delivers a good mathematical model to approximate 
the stress measurements. In particular the ݇-values measured at 
the KTB borehole are predicted very well when the measured 
Young’s modulus at the KTB borehole of 95 = ܧ GPa (Brudy 
et al. 1997) is used in eq. (3) (Fig. 2). Note that Sheorey’s 
model was established before the KTB data were available. 
 

2.3 Initial stress state in the Marmara Sea model 
 
To define a reference stress state for our geomechanical mod-
el we make two assumptions: (1) The measured ݇-values at 
the KTB site are unaffected by tectonic loading and thus 
represent a reference stress state. (2) Eq. (3) represents a 
reasonable analytical description of the crustal reference 
stress state. We model our initial stress state such that the 
modelled k-values fit eq. (3), in which we insert the values of 
the Young’s modulus from our model. Fig. 3 shows that the 
modelled initial stress state is satisfactorily established at 
three test sites, as the modelled ݇ -values fit the reference 
state according to eq. (3). After this step, we apply the kine-
matic boundary conditions to account for tectonic loading. 
 
 
3  STRESS ORIENTATIONS 
 
In the following sections we present the results from the 
model MAT_lay, if not stated otherwise (table 1 in Paper I). 
We compare the modelled stress field with data of the orien-
tation of maximum horizontal stress, principal stresses, stress 
regime and seismicity. Again, we would like to emphasize 
that the model set-up we use is exactly the same as described 
in Paper I; that is, the kinematic results presented in Paper I 
correspond to the stress state presented in the following. 
 
3.1 Orientation of maximum horizontal stress ࡴ࣌ 
 
We calculate the ߪு orientation from the modelled stress field 
at 5 km bsl. using the definition of Lund & Townend (2007), 
thus taking all three principal stresses into account. ߪு  is 
oriented basically NW-SE in the Marmara Sea region, but 
deviations from this regional orientation appear locally (Fig. 
4a). Near the faults ߪு orientations are in part scattered due 
to the low coefficient of friction (µ′ = 0.05) requiring either 
very low or high angles of ߪு orientation with respect to the 
local fault strike. However, WSM data confirm a NNW-SSE 
oriented ߪு northwest of the Çınarcık Basin and more or less 
EW oriented ߪு  in the western Marmara Sea beneath the 
Western High, Tekirdağ Basin and to the south towards 

Figure 3. Depth profiles of the initial ݇-values (dashed lines) at three test sites indicated on the inset map. Solid red line shows the stress state given by eq. (3),
which we consider as reference stress state. For comparison the low ݇-value from eq. (1) is also shown (black line). 
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Marmara Island. Modelled ߪு  orientations near Yalova on 
Armutlu Peninsula show EW to WNW-ESE orientations in 
agreement with the WSM data. 

At fault segments at which a significant dip-slip compo-
nent is apparent (from gradients in bathymetry and from the 
modelled vertical velocity field in figs 5 and 6 of Paper I), ߪு 
is oriented widely parallel to fault strike for example, at the 
western part of the Imralı Fault and at the Prince’s Islands 
Segment. This is consistent with ߪு  being oriented perpen-
dicular to these basin-bounding faults in opening direction. 
The accuracy of most of the WSM data in the model area has 
C-quality (±25°), because the majority comes from single 
focal mechanism solutions (Zoback 1992; Heidbach et al. 
2010). The mean deviation between the model results and the 
WSM data is 24.1° (Fig. 4b), therefore slightly less than the 
accuracy of the data. 
 
3.2 Orientation of principal stresses 
 
Fig. 5(a) shows the modelled ߪଵ ଶߪ ,  and ߪଷ  orientations at 
5 km depth on a 0.01° ൈ 0.01° grid over the whole model 
area. The minimum principal stress ߪଷ  is almost horizontal 
and trends in NE or SW directions. Both ߪଵ  and ߪଶ  either 
trend NW or SE at shallow or steep plunges. Thus, either of 
the two principal stresses corresponds to ߪு or ߪ୚, which is in 
agreement with the modelled NW-SE orientation of ߪு (Fig. 
4a) and the observed transitional stress regime between 
strike-slip and normal faulting in the Marmara Sea region. 

This result is in agreement with principal stress orienta-
tions from stress inversions of focal mechanisms (Fig. 5a). 
Most of the inversion results indicate a strike-slip regime (ߪଶ 
corresponding to ߪ୚) with a more or less pronounced normal 
faulting component. The principal stress orientations by Polat 
et al. (2002b) suggest a normal faulting tectonic regime (ߪଵ 
being the steepest principal stress), though also in transition 
to strike-slip. However, in the western Marmara Sea Pınar 
et al. (2003) found ߪଷ to be the steepest principal stress axis 
and at a similar plunge as ߪଶ , which means transpression 
(Fig. 5a). This indicates that local deviations from the pre-
vailing regional stress regime exist. The modelled principal 
stress orientations shown in Fig. 5(a) agree better with stress 
inversions that are based on regional data sets than with stress 
inversions using data from smaller subareas (Fig. 5a, b). The 
best coincidence is found for the region-wide data sets in 

which aftershocks are absent and for those comprising major 
earthquakes (Gürbüz et al. 2000; Polat et al. 2002a; Kiratzi 
2002). Aftershocks, which can be controlled by stress pertur-
bations from the main shock (Gahalaut & Gahalaut 2008), 
and stress inversions over small areas can reflect local devia-
tions from the regional stress pattern. 
 
 
4  STRESS REGIME 
 
4.1 Regime stress ratio (RSR) 
 
To resolve the spatial variations of the modelled stress regime 
we use the RSR parameter defined by Simpson (1997). RSR 
is basically a combination of the Andersonian faulting type 
(Anderson 1905) represented by the classification index ݊ 
 

݊ ൌ ቐ
0 ௛ߪ ൏ ுߪ ൏ ୴ߪ normal	faulting
1 ௛ߪ ൏ ୴ߪ ൏ ுߪ strike െ slip	faulting
2 ୴ߪ ൏ ௛ߪ ൏ ுߪ thrust	faulting

 (4)

 
and the ratio of the smaller and greater differential stress 
(Bott 1959) 
 

ܴ ൌ
ଶߪ െ ଷߪ
ଵߪ െ ଷߪ

. (5)

 
RSR is then defined as 
 
RSR = ሺ݊ ൅ 0.5ሻ ൅ ሺെ1ሻ௡ሺܴ	 െ 	0.5ሻ. (6)
 

An advantageous property of the RSR parameter is that it 
provides a continuous scale from normal faulting (RSR = 0.5) 
over strike-slip (RSR = 1.5) to thrust faulting (RSR = 2.5; 
Fig. 5c). However, as the Andersonian faulting classification 
is based on Mohr-Coulomb theory the RSR value only de-
scribes how an optimally oriented fault would slip. If pre-
existing faults are present that are not optimally oriented in 
the given stress field the type of faulting can deviate from the 
expected Andersonian type (Célérier 1995). 
 
4.2 Overall RSR pattern 
 
Fig. 5(c) shows that most of the Marmara Sea region is in a 

Figure 4. Modelled maximum horizontal stress orientations ߪு at 5 km bsl. extrapolated on a 0.05°E x 0.1°N grid (black lines). Coloured lines show the ߪு
orientations of the World Stress map database release 2008 (Heidbach et al. 2008b). Blue symbols indicate thrust faulting (TF), green lines strike-slip faulting
(SS) and red lines normal faulting (NF). 
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strike-slip stress regime with some tendency towards a nor-
mal faulting stress regime. This result agrees with the general 
view that the Marmara Sea region is under a strike-slip stress 
regime characteristic for the North Anatolian Fault through-
out most of its length from east Anatolia to the Marmara Sea 
but in transition to a normal faulting stress regime that pre-
vails in west Anatolia and Greece (Taymaz et al. 1991). 
However, locally deviations from this general stress regime 
appear as will be discussed thereafter. Furthermore, the re-
sults indicate a correlation between stress regime and vertical 
motion. Areas under prevailing strike-slip or thrust faulting 
stress regime widely correspond to stable or uplifting areas, 
whereas areas under a normal faulting stress regime tend to 

subside (Fig. 5c; fig. 5 of Paper I). 
A practical application of the modelled spatial variability 

in RSR could be the identification of appropriate binning 
areas for focal mechanisms that are used for stress inversion. 
This is a key issue as the method of stress inversion requires 
a priori that all earthquakes used for the inversion are caused 
by the same stress field (e.g. Michael 1984). Further, signifi-
cant variability of RSR in the proximity of faults indicates 
that stress can be dominated by the geometry of the fault 
rather than by the regional stress field, which is particularly 
important when interpreting data from stress measurements 
close to faults in a regional context. 
 

Figure 5. Lower hemisphere stereo plots of principal stress orientations. Grey dots show modelled orientations at 5 km bsl. on a 0.01° ൈ 0.01° grid over the 
whole model area. Coloured symbols show principal stress orientations from stress tensor inversions of earthquake focal mechanism solutions. (b) Overview 
map of some of the earthquake focal mechanism data sets used for stress tensor inversion in (a). Mainly aftershocks of the 1999 Izmit earthquake, divided into
different subareas, have been used in the studies by Polat et al. (2002b), Pınar et al. (2003) and Bohnhoff et al. (2006). Additional data sets used (not shown in 
the figure) comprise earthquakes from the whole Marmara Sea region prior to the 1999 event, both from microearthquakes in 1995 and 5 < ܯ earthquakes 
between 1943 and 1997 (Gürbüz et al. 2000; Polat et al. 2002a; Kiratzi 2002). (c) Modelled stress regime at 5 km bsl. in terms of the regime stress ratio RSR. 
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4.3 Areas under thrust or normal faulting stress regime 
 
Areas under transpression or thrust faulting stress regime (RSR 
> 2) are rather small and confined to the neighbourhood of 
faults. Between the westernmost Izmit Bay and the eastern end 
of the Çınarcık Basin RSR values > 2 coincide with the loca-
tion of small thrust faulting earthquakes (Karabulut et al. 2002; 
Pınar et al. 2003). Further, a mountain emerging on Hersek 
Peninsula near a restraining bend of the North Anatolian Fault 
(Özaksoy et al. 2010) and mud volcanoes on the seafloor to the 
west of Hersek Peninsula (Cormier et al. 2006) also indicate 
transpression. To the west of Istanbul bend transpression is 
indicated by focal mechanisms with a thrust-faulting compo-

nent (Bulut et al. 2009). Furthermore, the modelled slight 
transpressional stress regime in the western Marmara Sea be-
tween Marmara Island and the Tekirdağ Basin is in agreement 
with a cluster of strike-slip and thrust faulting focal mecha-
nisms (Pınar et al. 2003). 

The modelled normal faulting stress regime on Armutlu 
Peninsula coincides with a prominent cluster of normal fault-
ing focal mechanisms near Yalova (Karabulut et al. 2002; 
Pınar et al. 2003). The latter indicate predominant E-W strik-
ing fault planes, parallel to the orientation of ߪு (Fig. 4), so 
that the normal faulting stress regime is associated with N-S 
extension there. 
 

Figure 6. Fracture potential (ܲܨ) versus seismicity in the Marmara Sea region. (a)-(c) Modelled ܲܨ at 5 km bsl.; histograms show the distribution of the 
modelled ܲܨ values at the location of the 3 ≤ ܯ earthquakes between 1976 and 2010 from the Kandilli Observatory catalogue without aftershocks of the 1999
Izmit 7.4 = ܯ event. (d) Spatial distribution of the 3 ≤ ܯ earthquakes; circle size is proportional to earthquake magnitude. 
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4.4 Normal faulting stress regime in the Çınarcık Ba-
sin but strike-slip motion on the MMF 

 
A normal faulting stress regime is also predicted in the deep 
basins of the North Marmara Trough (Fig. 5c). This is an 
apparent contradiction to the strike-slip faulting mechanisms 
that prevail along the Prince’s Islands Segment (Pınar et al. 
2003; Bulut et al. 2009, Örgülü 2011). However, the very 
same model yields almost pure strike-slip motion on the 
Prince’s Islands Segment in agreement with the focal mecha-
nisms (fig. 7 in Paper I). As mentioned in Section 4.1 the 
type of faulting only reflects the stress regime if the faults are 
optimally oriented in the stress field. Thus, focal mechanisms 
on pre-existing non-optimally oriented faults have the poten-
tial to reflect the kinematics of slip and the geometry of the 
fault rather than the stress field (McKenzie 1969; Heidbach 
et al. 2010). For instance, slip on a vertical fault will occur in 
a strikeslip sense even though the stress regime may exhibit 
components of normal or thrust faulting (e.g. Célérier 1995). 
Moreover, often sets of different fault types altogether repre-
sent the associated stress regime in an area rather than a sin-
gle fault with its specific type of faulting. Such kind of slip 
partitioning between different faulting types was shown for 
the San Andreas Fault system and for faults in the Basin and 
Range (Jones & Wesnousky 1992; Wesnousky & Jones 1994). 
In the Marmara Sea strike-slip motion on the MMF is possi-
ble despite the normal faulting stress regime because non-
vertical secondary faults take up the normal faulting compo-
nent by dip-slip. 
 

4.5 Influence of rock properties on the modelled stress 
regime 

 
Comparison of the model in which the sediments are consid-
ered (MAT_lay, table 1 in Paper I; Fig. 5c) with a model in 
which rock properties are distributed homogeneously 
(MAT_hom; table 1 in Paper I) reveals that the sediments 
slightly change the stress regime towards normal faulting, for 
example, under the basins (Fig. S1). Of course, the differ-
ences between the inhomogeneous and the homogeneous 
model are most pronounced in areas in which the basement-
topography is below the depth of 5 km bsl. shown here, 
which mainly concerns the North Marmara Trough (see fig. 
2b of Paper I). This means that in the basement below the 

basins the stress regime is closer to strike-slip than indicated 
by Fig. 5c. An increase of the coefficient of friction on all 
faults except the MMF from µ′ ൌ 0.05  to 0.6 changes the 
stress regime from normal faulting and transtension towards 
strike-slip (Fig. S1b). This change is most pronounced below 
the Central High, the Imralı Basin, the southern shelf and the 
southern onshore areas. 
 
5  FRACTURE POTENTIAL 
 
5.1 Differential stress and fracture potential 
 
To visualize how close the modelled stress state is to failure 
we calculate from the modelled stress tensor the fracture 
potential (FP) defined by Connolly & Cosgrove (1999) as the 
ratio of the actual differential stress and the critical differen-
tial stress at which shear failure occurs 
 

ܲܨ ൌ
ௗߪ

ௗ,௖௥௜௧ߪ
ൌ

ௗߪ
2ሺܥ଴ cos߶ ൅ ௠ߪ sin߶ሻ

. (7)

 
Here, ߪௗ ൌ ଵߪ െ  ଷ are theߪ ଵ andߪ ,ଷ is the differential stressߪ
maximum and minimum principal stress, respectively, ߪௗ,௖௥௜௧ 
is the critical differential stress at which failure occurs, ܥ଴ is 
cohesion, ߪ௠  mean stress and ߶  the internal friction angle. 
The underlying failure criterion is the Mohr-Coulomb criteri-
on. The maximum ܲܨ value of one denotes failure, whereas a 
 .of zero indicates that all three principal stresses are equal ܲܨ
We calculate ܲܨ from the modelled differential stress using 
tan߶ ൌ ௜ߤ ൌ 0.6 and ܥ଴ ൌ 30 MPa, where ߤ௜ is the internal 
coefficient of friction. 

High values of ܲܨ are confined to the vicinity of faults, in 
particular between the Ganos Bend and the Central Basin and 
in the Çınarcık Basin (Figs 6a-c). In contrast, low values of 
 are predicted between the Çınarcık Basin and the Central ܲܨ
Basin and on most of the southern shelf. The sediments act to 
reduce differential stress and ܲܨ , which appears from the 
differences in ܲܨ between the inhomogeneous (Figs 6a and 
c) and the homogeneous model (Fig. 6b). This is because of 
the sediments’ much lower (86 per cent) Young’s modulus, 
which results in lower stress at a given strain. Furthermore, 
the sediment’s lower density compared to the adopted density 
in the homogeneous model reduces the weight of the overly-
ing rock mass. As a consequence, differential stress and ܨP 

Figure 7. Magnitudes of principal stresses at 5 km bsl. at site ‘A’ (location given in Fig. 3) from two models using different initial stress state definitions after
eqs. (1) and (3). Green circle shows the initial differential stress, red circle the differential stress after application of the kinematic boundary conditions. The 
black line is the Coulomb-Failure envelope with ܥ଴ = 30 MPa and ߤ௜ = 0.6. Note that consequences of initial stress state for stress regime and ܲܨ are substan-
tial (see also Figs S2-S4). 
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are reduced in the basins because here a normal faulting 
stress regime (ߪଵ ൌ -ܲܨ ୴) prevails (Fig. 5c). In Fig. 6 thisߪ
lowering effect of the sediments is visible only in areas, in 
which the basement-topography is below the depth of 5 km at 
which the ܲܨ results are presented. 

Increased friction coefficient of µ′ = 0.6 on all faults ex-
cept the MMF ( µ′  = 0.05) increases ܲܨ  in particular on 
Armutlu Peninsula, on the southern shelf and on the southern 
onshore areas (Fig. 6c). This is because the high friction 
prevents slip on the fault that follows the southern shore of 
the Marmara Sea. The slightly extensional boundary condi-
tions at the southern model boundary (P1) then act to reduce 
 .ଷߪ ௛, which isߪ
 
5.2 Fracture potential and seismicity 
 
As fracturing of rock is accompanied by seismicity, we com-
pare the modelled pattern of FP with the observed seismicity 
distribution (Fig. 6). Though not in detail, the main features 
of the ܲܨ pattern are reflected by the seismicity distribution 
and we find a correlation between ܲܨ and seismicity in his-
tograms attached to Figs 6(a)-(c). The histograms show the 
distribution of the modelled ܲܨ values at the location of the 
earthquakes. 

High ܲܨ in the western Marmara Sea between the Central 
Basin and Tekirdağ Basin as well as south of it towards 
Marmara Island correlates with increased seismicity. The 
high potential for fracture generation predicted for the eastern 
Çınarcık Basin and northwestern Armutlu Peninsula is also 
confirmed by dense seismicity. Low ܲܨ predicted below the 
Central High to the east and southeast of the Central Basin 
correlates with seismicity at a low level. Dense seismicity in 
the southern part of Armutlu Peninsula, Gemlik Bay and 
along the southern shore of the Marmara Sea is best ex-
plained by the model with high fault friction (Fig. 6). 

The probably erroneous patch of high ܲܨ in the middle of 
the Central Segment of the MMF is due to a small bend of 
the MMF in the model that was anticipated from the peculiar-
ities of the mapped surface trace of the MMF there (Armijo 
et al. 2002). Unexpected high ܲܨ also spreads to the north-
east of the Prince’s Islands Segment. This is associated with 
the northern model boundary at which displacements perpen-
dicular to the boundary are not allowed. As a consequence, 
the prevailing NE-SW extension reduces ߪଷ and thus increas-
es differential stress. 
 
5.3 Fault geometry governs fracture potential 
 
From Figs 6(a)-(c) it appears that ܲܨ is related to fault geom-
etry. The highest differential stresses evolve near strongly 
curved faults, fault tips or at places where faults come close 
to each other, for example, between the Central Basin and the 
Tekirdağ Basin. In contrast, low differential stress and thus 
low ܲܨ values characterise areas in which faults are absent or 
areas surrounding widely straight and vertical fault planes. In 
particular, the rather straight segment of the MMF between 
the Istanbul Bend and the Central Basin is characterised by 
low ܲܨ  values except the mentioned patch in the middle, 
whereas the MMF exhibits otherwise high ܲܨ throughout the 
Marmara Sea. High differential stresses are more or less 
continuously relieved by microseismicity in the surrounding 
of these faults. In contrast, plane fault segments do not pro-
duce such local peak differential stresses in their surround-
ings. Therefore, the comparably simple geometry of the Cen-

tral Segment of the MMF is a possible explanation of the 
sparseness of earthquakes along it, whereas the complex fault 
geometries of the adjacent fault segments account for the 
abundant seismicity in the vicinity of these. Based on this we 
expect that the Central Segment is capable of accruing high 
levels of shear stress without reaching critical levels of dif-
ferential stress, that is, 1 = ܲܨ, in its surrounding. 

Our interpretation of the first-order correlation between 
 and seismicity is that observed seismicity in the Marmara ܲܨ
Sea can be widely explained by fracture mechanics based on 
critical differential stresses that evolve in the surrounding of 
faults through the interaction between local fault geometries 
and plate motion. 

We would like to point out that ܲܨ is not directly related 
to seismic hazard. Large damaging earthquakes normally 
rupture already existing faults, whereas here the fracturing of 
intact rock is addressed which is generally associated with 
earthquakes of smaller magnitude that release local peak 
differential stresses that accrue in the surrounding of a given 
fault geometry. 
 
 
6  INFLUENCE OF INITIAL STRESS ON 

MODEL RESULTS 
 
To illustrate the impact of the initial stress state on the model 
results we run a model using eq. (1) instead of eq. (3) to de-
fine the reference stress state. Fig. 7 shows the magnitudes of 
the three principal stresses for both initial stress states prior to 
and after application of the tectonic boundary conditions at 
site ‘A’ located northeast of the Tuzla bend (see Fig. 3) at 5 
km depth. Before the tectonic boundary conditions are ap-
plied the vertical stress ߪ୚ is the same for both definitions of 
the initial stress and corresponds to the maximum principal 
stress ߪଵ. The two horizontal stresses ߪு and ߪ௛ are roughly 
equal for either definition of initial stress (small differences at 
this stage arise from lateral density and stiffness contrasts). 

However, the horizontal stresses from the model with ini-
tial stress after eq. (3) (Fig. 7b) far exceed the horizontal 
stresses from the model with initial stress after eq. (1) (Fig. 7a). 
 
6.1 Influence on stress regime and principal stress 

orientations 
 
After the initial stress is established the subsequent applica-
tion of the tectonic boundary conditions enlarges the differ-
ence between the horizontal stress magnitudes for both defi-
nitions of initial stress (Fig. 7). 6h decreases faster than ߪு 
increases because the tectonic boundary conditions are slight-
ly extensive. However, in the model with initial stress accord-
ing to eq. (1) a normal faulting stress regime persists (i.e. 
୚ߪ ൐ ுߪ ൐  ௛) (Fig. 7a and Fig. S2), whereas in the modelߪ
with initial stress according to eq. (3) a strike-slip regime (i.e. 
ுߪ ൐ ୚ߪ ൐  ୚ (Figsߪ ு becomes greater thanߪ ௛) evolves asߪ
5 and 7b). The latter case agrees with stress tensor inversions 
of focal mechanisms, whereas the former case does not. This 
shows that the choice of the initial stress state has significant 
impact on the stress regime and the principal stress orienta-
tions. 
 
6.2 Influence on fracture potential 
 
Fig. 7 also shows that differential stress after application of 
tectonic boundary conditions is high and overcritical in the 
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model with initial stress after eq. (1), whereas differential 
stress is much smaller and far below the critical value in the 
model with initial stress after eq. (3). As a consequence, in 
the former case almost the whole model area exceeds the 
critical differential stress (Fig. S3), whereas in the latter case 
critical differential stress emerges only locally and widely 
agrees with the seismicity distribution (Fig. 6). 

Two reasons account for that. First, in the model with ini-
tial stress after eq. (1) the horizontal stress magnitudes are 
much lower than the vertical stress, whereas they are compa-
rable to the vertical stress in the other case (Fig. 7). Secondly, 
in the model with initial stress after eq. (1) differential stress 
involves the vertical stress ( ௗߪ ൌ ଵߪ െ ଷߪ ൎ ୚ߪ െ ௛ߪ ), 
whereas in the other case differential stress is the difference 
between the two horizontal stresses (ߪௗ ൌ ଵߪ െ ଷߪ ൎ ୚ߪ െ
-௛; Fig. 7). In the vicinity of a major transform plate boundaߪ
ry fault such as the North Anatolian Fault shear failure is not 
expected to arise from differential stresses between ߪ୚  and 
-௛. Instead, failure should be due to critical differences beߪ
tween ߪு and ߪ௛, which arise from the horizontal shear exert-
ed by the relative plate motion, as in the model with initial 
stress after eq. (3). 
 
6.3 Influence on ࡴ࣌ orientation and kinematics 
 
Although the principal stress orientations in the models with 
different initial stress states differ fundamentally from each 
other, the difference in initial stress state hardly affects ߪு 
orientation. Deviations in ߪு  orientations between the two 
cases are <5° over most of the model area (Fig. S4). This is 
due to the fact that in the model with initial stress after eq. (1) 
ுߪ  is given by ߪଶ  whereas in the model with initial stress 
after eq. (3) ߪு is either ߪଵ or ߪଶ - while trend is the same. 
This demonstrates that a model matching observed ߪு orien-
tations does not necessarily represent a meaningful 3-D stress 
state. Thus, ߪு orientations are not sufficient to constrain the 
absolute stress state from a geomechanical model. 

The difference in velocity between the two models with 
different initial stress is everywhere less than 1 mm a-1, which 
is negligible with respect to absolute velocities and which is 
in the order of the accuracy of GPS measurements. This im-
plies that the different initial stress definitions hardly affect 
the resulting kinematics and that both models fit the GPS 
observations equally well. 

We conclude that ߪு orientations and kinematic observa-
tions can be reproduced by either initial stress definition 
based on eqs. (1) and (3). However, an appropriate initial 
stress state is required to predict stress regime, principal 
stress orientations and differential stresses reliably. A good 
match of modelled ߪு  orientations and kinematics with ob-
servations does not imply that the 3-D background stress 
state of the model is correct. 
 

7  STRESS STATE ALONG THE MMF AND 
IMPLICATIONS FOR SEISMIC HAZARD 

 
The variable slip rate on the MMF has been interpreted as an 
indication of segmentation of earthquakes (Paper I; Hergert 
& Heidbach 2010). This is also supported by the normal 
stress distribution on the MMF. Fault normal stress increases 
with depth, yet also considerable lateral changes in fault 
normal stress are revealed (Fig. 8). Normal stress on the 
Prince’s Islands Segment is much lower than on the other 

segments (Fig. 8). At mid-crustal depths the difference in 
normal stress between the Prince’s Islands Segment and the 
adjacent fault segments is several hundred MPa or at least a 
factor of two. Also in the western Marmara Sea below the 
Tekirdağ Basin fault-normal stress is markedly reduced. 
These fault sections of reduced normal stress are under a 
normal faulting stress regime (Fig. 5c). Fault normal stress is 
greater on the Izmit Segment and on the Central Segment for 
which a strike-slip regime is predicted. Peak values in normal 
stress appear near fault bends as on the restraining side of the 
Ganos Bend, east of the Tuzla Bend and west of the Istanbul 
Bend. The lateral variations in normal stress are still more 
expressed for the inhomogeneous rock property distribution 
that considers the sediments (Fig. 8 bottom) than for the 
homogeneous model (Fig. 8 top). Townend & Zoback (2004) 
have estimated fault normal stress on the San Andreas Fault 
at 7.5 km depth to be 180 MPa, which is comparable to our 
result for the MMF. 

The inferred high lateral variations in normal stress along 
the MMF may considerably affect seismic hazard in the 
Marmara Sea. Reduced fault normal stress is equivalent to 
reduced critical shear stress at which frictional resistance is 
overcome. As a consequence, less shear stress and hence a 
shorter period of loading is required to exceed the critical 
shear stress. In this respect, the recurrence rate of earthquakes 
on the Prince’s Islands Segment should be greater (i.e. shorter 
interevent time) than on the adjacent segments. 

Our interpretation of fault segment-wise ruptures of the 
seismic gap and shorter interevent times for the Prince’s 
Islands Segment is supported by the damage descriptions of 
historical earthquakes, which were interpreted as that earth-
quakes have occurred more frequently on the Prince’s Islands 
Segment than on the Central Segment of the MMF (Ambra-
seys 2002). Conversely, the relative rareness of large earth-
quakes on the Central Segment, which has not ruptured since 
1766, may be explained by the highest mean fault normal 
stress of all MMF segments in the Marmara Sea (Fig. 8). The 
increase in normal stress towards the Tuzla Bend may have 
caused the 1999 Izmit earthquake to arrest in the western 
Izmit Bay, besides the considerable decrease in slip rate be-
tween the eastern Izmit Bay and the Tuzla Bend of 3-4 mm a-

1 (fig. 5a in Paper I). Generally, the marked peaks in fault 
normal stress for example, at the Ganos Bend, the Istanbul 
Bend and the Tuzla Bend and the small peaks in the Izmit 
Bay and Central Basin (Fig. 8) may act as barriers for seismic 
ruptures. In this respect the modelled normal stress may con-
tribute to localize historical earthquakes and to assess the 
ends of future ruptures by means of simulation of dynamic 
rupture propagation. 
 
 
8  CONCLUSIONS 
 
We presented in this paper the dynamic results of a 3-D geo-
mechanical model of the Marmara Sea region, whose kine-
matic results are presented in Paper I. Thus, the dynamic 
(stress state) and the kinematic model results are consistent 
with the model-independent kinematic and dynamic observa-
tions. We modelled the 3-D background stress state and its 
spatial variability in contrast to relative stresses or stress 
changes commonly addressed. Our approach to model the 
background stress state involves an initial stress that hardly 
affects the kinematics and the ߪு  orientations, but strongly 
influences the orientations and magnitudes of the three prin-
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cipal stresses, the stress regime as well as differential stress 
and fracture potential. 

The model widely reproduces available information on 
the stress state. The distribution and level of off-fault seis-
micity is governed by fault geometries. Also local variations 
of the overall NW-SE oriented maximum horizontal stress 
and of the transtensive stress regime can be referred to fault 
geometries that perturb the stress field in their surroundings. 
A direct validation of modelled stress magnitudes by stress 
measurements is currently not possible because such data at 
significant depths are not available in the model area. 

Normal stress on the MMF undergoes enormous lateral 
changes in excess of 100 MPa, which makes strain release by a 
few earthquakes more likely than the occurrence of one large 
event rupturing the whole seismic gap at once. We draw this 
conclusion even though the effects of shear stress rate and 
normal stress on the individual fault segments balance to some 
extent [e.g. normal stress on the Prince’s Islands Segment is 
lower than on the adjacent fault segments, thereby indicating a 
shorter interevent time, whereas its lower slip rate indicates a 
longer interevent time (see Paper I)]. However, despite a likely 
segmentation of seismic ruptures on the MMF based on both, 
the modelled kinematics and stress field, the seismic threat to 
the City of Istanbul is serious, regardless whether the seismic 
gap will rupture at once or during several less large earth-
quakes (Hergert & Heidbach 2010). In view of the fact that the 
background stress field can crucially affect rupture propagation 
(Oglesby et al. 2008) the modelled normal stress provides a 
unique perspective for investigations on the segmentation 
hypothesis and for simulations of scenario earthquakes by 
means of rupture propagation modelling. 
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