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Seismic Hazard Evaluation in Western Turkey as Revealed by Stress Transfer
and Time-dependent Probability Calculations
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Abstract—Western Turkey has a long history of destructive
earthquakes that are responsible for the death of thousands of
people and which caused devastating damage to the existing
infrastructures, and cultural and historical monuments. The recent
earthquakes of Izmit (Kocaeli) on 17 August, 1999 (M,, = 7.4) and
Diizce (M,, = 7.2) on 12 November, 1999, which occurred in the
neighboring fault segments along the North Anatolian Fault (NAF),
were catastrophic ones for the Marmara region and surroundings in
NW Turkey. Stress transfer between the two adjacent fault seg-
ments successfully explained the temporal proximity of these
events. Similar evidence is also provided from recent studies
dealing with successive strong events occurrence along the NAF
and parts of the Aegean Sea; in that changes in the stress field due
to the coseismic displacement of the stronger events influence the
occurrence of the next events of comparable size by advancing
their occurrence time and delimiting their occurrence place. In the
present study the evolution of the stress field since the beginning of
the twentieth century in the territory of the eastern Aegean Sea and
western Turkey is examined, in an attempt to test whether the
history of cumulative changes in stress can explain the spatial and
temporal occurrence patterns of large earthquakes in this area.
Coulomb stress changes are calculated assuming that earthquakes
can be modeled as static dislocations in elastic half space, taking
into account both the coseismic slip in large (M > 6.5) earthquakes
and the slow tectonic stress buildup along the major fault segments.
The stress change calculations were performed for strike-slip and
normal faults. In each stage of the evolutionary model the stress
field is calculated according to the strike, dip, and rake angles of
the next large event, whose triggering is inspected, and the possible
sites for future strong earthquakes can be assessed. A new insight
on the evaluation of future seismic hazards is given by translating
the calculated stress changes into earthquake probability using an
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earthquake nucleation constitutive relation, which includes per-
manent and transient effects of the sudden stress changes.

Key words: Stress transfer, earthquake probabilities, seismic
hazard.

1. Introduction

Many destructive earthquakes occurred in the
territory of western Turkey and the adjacent eastern
part of the Aegean Sea, some of them close both in
time and space. Observations on temporal and spatial
clustering of strong events have led several authors to
highlight the importance of fault interactions on the
basis of physical models. Earthquake triggering or
delay due to changes in stress was recognized more
than a decade ago (e.g., HARrris, 1998 and references
therein) and is worked out in assessing earthquake
occurrence and future seismic hazard in a certain
area. STEIN (1999), reviewing the role of stress
transfer, emphasized the earthquake interaction as a
fundamental feature of seismicity that promises a
deeper understanding of the earthquake occurrence
and a better description of the seismic hazard, when
stress transfer is incorporated into probability models
(STEIN et al., 1997; Topa et al., 1998). In association
with physical fault models and fault properties, such
models were more developed and statistically asses-
sed (Parsons, 2004, 2005; HARDEBECK, 2004; among
others).

The first goal of the present study is to investigate
how the stress changes caused by the strong earth-
quakes of M > 6.5 that occurred during the
instrumental era, that is since the beginning of the
twentieth century in the area of eastern Aegean Sea
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and western Turkey (Fig. 1), influence future occur-
rences. This is attempted by the application of the
stress evolutionary model (DenG and Sykes, 1997)
according to which the long-term tectonic loading on
the major regional faults is added to the coseismic
slips of the strong events. As a second step the static
stress changes on specific faults that have accumu-
lated to date will be incorporated into probabilistic
models, in an attempt to assess the seismic hazard in
the study area. The first relevant investigation along
the North Anatolian Fault was compiled by STEIN
et al. (1997) who found that 9 out of 10 earthquakes
with M > 6.7 were triggered by previous events, and
estimated stress-based probabilities. Investigation of
stress transfer in northwestern Turkey and the North
Aegean Sea was performed by NALBANT et al. (1998)
by the calculation of the static stress changes due to
the coseismic slips of M > 6.0 events, whereas Pap-
apmmITrRiou and  Sykes (2001) applied the stress
evolutionary model in the Northern Aegean Sea for
strike-slip faulting. HUBERT-FERRARI et al. (2000)
calculated the stress field that resulted from the
coseismic slips of events of M 6 or greater since 1700
and the secular interseismic stress changes to show
that the 1999 events were anticipated. For the
southeastern Aegean area, part of which coincides
partially with our study area, the evolutionary model
satisfactorily explained the clustering of strong
(M > 6.5)normal faulting earthquakes (PAPADIMITRIOU
et al., 2005). In all these studies possible future
occurrences are suggested, which will be discussed in
the following sections along with the results obtained
in the present study.

This study differs from the previously mentioned
ones, as regards calculations of static stress changes,
in that it aims to integrate the stress evolution history
of the entire territory of western Turkey and its
adjacent Aegean Sea area. This integration concerns
both the areal coverage and the involvement of dif-
ferent faulting types and the continuous tectonic
loading, since the above-mentioned studies dealt
either with parts of our study area, or a single faulting
type and coseismic slips only. The variability of the
stress change calculations from friction coefficient,
dip and rake angles were assessed following PARSONS
(2005). The perspective of the stress field evolution
calculations is the identification of active fault
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segments that are currently in stress enhanced areas; a
first step for the seismic hazard assessment. We start
with the stationary and conditional probability mod-
els estimation of the probability of occurrence in the
next 30 years of an earthquake with M > 6.5 on
known fault segments of the study area. Thereafter
the accumulated stress changes due to coseismic
slips of the modeled events were incorporated into
the estimation of earthquake probability. Change in
the probability on a given fault is calculated from the
change in seismicity rate, which is computed taking
into account both permanent and transient effects.

2. Seismotectonic Setting

The complexity of the plate interactions and
associated crustal deformation in the eastern Medi-
terranean region is reflected in many destructive
earthquakes that have occurred throughout its recor-
ded history, and many of them are rather well
documented and studied. The region features com-
plex tectonics because it relates to the interaction of
Eurasian, Arabian, and African lithospheric plates
(Fig. 1). The subduction of the eastern Mediterranean
oceanic lithosphere, the frontal part of the northward
moving African lithosphere, along the Hellenic Arc is
a key feature that influences the active deformation of
the region, causing an extension of the continental
crust in the overlying Aegean province (PAPAZACHOS
and ComNINAKIS 1969, 1971; PapazacHos et al.,
1998).

North and East Anatolian faults represent the
lateral movement of Turkey toward the west
(McKenzig, 1970). This motion is transferred into the
Aegean in a southwesterly direction. It has been
suggested that the Aegean Sea and much of Anatolia
should be considered as two separate microplates
observed from geodetic information combined
with the seismological data (TAaymaz et al., 1991a;
JACKSON, 1994; PapazacHos, 1999; McCLUSKY et al.,
2000; Nyst and ToATCHER, 2004). The southern
boundary of the south Aegean plate is defined by low
angle thrust faults that are located along the Hellenic
Arc (ParazacHos et al., 1984, 1998; Taymaz, 1990,
1996). Interplay between dynamic effects of the rel-
ative motions of adjoining plates thus controls the
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Figure 1
Summary sketch map of the active tectonic boundaries in the eastern Mediterranean Sea region. Large arrows show relative motions of plates

with respect to Eurasia. The main extensional structures are shaded in red. NAT North Aegean Trough, CTF Cephalonia Transform Fault (after
ParazacHos et al., 1998; Armuio et al., 1999; McCLUSKY et al., 2000)

large-scale crustal deformation and the associated
earthquake activity in the study area.

Our study area is one of the most seismically
active and deforming regions in the world bounded
on the north by the NAF and the Ganos Fault System
(GFS). The NAF is one of the longest active right
lateral strike-slip fault systems, of about 1,500 km in
length extending from eastern Turkey, through the
Marmara Sea where it bifurcates into two branches.
Along its northern branch, the Ganos Fault System
constitutes the most significant tectonic element
controlling the tectonic evolution of the area. The
western termination of this fault system is in the Gulf
of Saros, which is a neotectonic basin with ENE
trending depression placed at the northeastern part of
the Aegean Sea, where the North Aegean Trough
(NAT) is developed. The dextral strike-slip motion of
NAF is translated into the Aegean where it addi-
tionally accommodates the rapid N-S extension of
the backarc Aegean region. Western Turkey is loca-
ted in the boundary area between these regions and it
has been under an N-S extension since Late Oligo-
cene (SAUNDERS et al., 1998). The major neotectonic
features of western Turkey are the E-W trending
grabens (e.g., Gediz, Kiicliik Menderes, Biiyiik Men-
deres) and their basin bounding active normal faults

(Fig. 2) as well as other less prominent structures
with NE-SW trending basins (e.g., SEyiToGLU and
Scort, 1991; Taymaz and Pricg, 1992; WESTAWAY,
1993; Bozkurt, 2001, 2003).

3. Methodology

The stress evolutionary model that is applied in
the present study was proposed by DENG and SYKEs
(1997) and originally tested in southern California.
Cumulative stress changes are assumed to arise from
the following two sources: Tectonic loading gener-
ated by plate motions and coseismic displacements
on faults associated with earthquakes. Interseismic
stress accumulation between strong events is modeled
by introducing “virtual negative displacements”
along the major regional faults using the best avail-
able information on their long-term slip rates. These
virtual dislocations are imposed on the faults with
sense of slip opposite to the observed slip. The
magnitude of this virtual slip is incremented in time
according to the long-term rate of the fault. This is
equivalent to the constant positive slip extending
from the bottom of the seismogenic layer to infinite
depth. Hence, tectonically-induced stress builds up in
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Figure 2
Simplified map of active faulting in the area of western Turkey. Thegcode names of the fault segments are shown next to each segment. The
segments that are associated with earthquakes of M >6.5 that occurred since 1900, are shown in black. The fault plane solutions of M > 6.5
events are shown as lower hemisphere equal area projection whereas their epicenters are denoted by stars, linked with a light line with the
beach balls. The occurrence day of each event (month/date, year) is given on top of the focal spheres

the vicinity of faults during interseismic periods. All
computed interseismic stress accumulation is associ-
ated with the deformation caused by the time-
dependent virtual displacement on major faults
extending from the free surface to the seismogenic
depth. Stress build-up is released wholly or in part
during the next strong earthquake, with positive real
displacements on given fault segments. Changes in
stress associated with strong earthquakes are calcu-
lated for coseismic displacements on the ruptured

fault segment and by adding the changes in the
components of the stress tensor together as they occur
in time.

Stress changes associated with both the virtual
dislocations and actual earthquake displacements are
calculated using a dislocation model of a planar fault
surface, X, embedded in an elastic half space (OxkaDA,
1992). Earthquakes occur when stress exceeds the
strength of the fault. The closeness to the failure was
quantified by using the change in Coulomb failure
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function (ACFF). It depends on both changes in shear
stress, At, and normal stress, Ag, and in the presence
of pore fluid it takes the form:

ACFF = At + (Ao + Ap), (1)

where At is the shear—stress change (computed in the
slip direction), Ao is the fault-normal stress change
(positive for extension), Ap is the pore pressure
change within the fault, and u is the friction coeffi-
cient, which ranges between 0.6 and 0.8 (Harris,
1998 and references therein). Throughout this study
we ignore the time-dependent changes in pore fluid
pressure and consider only the undrained case
(BEELER et al., 2000), meaning that Ap depends on the
fault-normal stress whereas the fluid mass content
per unit volume remains constant. Induced changes in
pore pressure resulting from a change in stress under
undrained conditions, according to RicE and CLEARY
(1976) are calculated from:

Ap = —Bﬁ. (2)
3

B is the Skempton’s coefficient, where 0 <B < 1, and
Agyy indicates summation over the diagonal elements
of the stress tensor. The Skempton’s coefficient, B,
denotes the relative proportion of fault-normal stress
and change in pore pressure as it is assumed in Cou-
lomb stress analysis (see KING et al., 1994; HARrRs,
1998, and references therein). If the air fills the pores
then B is nearly zero, whereas if water fills the pores, it
is typically between 0.5 and 1.0 for fluid-saturated rock
and close to 1.0 for fluid-saturated soil. Sparse exper-
imental determinations of B for rocks indicate a range
from 0.5 to 0.9 for granites, sandstones, and marbles
(Rice and CLEARLY, 1976). We assume a B = 0.5 and
1 = 0.75 (as in RoBinsoN and McGinTY, 2000; among
others). If in the fault zone Ao, = Ao, = Aozs, so
that A‘Tkk/3 = Ao, then the apparent coefficient of
friction is defined as g = u(l — B). The above
selected values for B and i result to a value of apparent
coefficient of friction equal to 0.4, which is widely used
in studies of Coulomb stress modeling. We will
investigate the effects of different values of Skemp-
ton’s coefficient, B, namely equal to 0.2 and 0.9, which
are the extreme values expressing the percentage of
water filling the pores.
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In Eq. 2 Aoy is the summation of the stress normal
components, which, along with At are calculated
according to the fault plane solution of the next
earthquake in the sequence of events, whose triggering
is inspected. At is positive for increasing shear stress
in the direction of the relative slip on the observing
fault while Ao is positive for tensional normal stress.
When compressional normal stress on a fault plane
decreases, the static friction across the fault plane also
decreases. A positive value of ACFF for a particular
fault denotes movement of that fault towards the
failure (that is, likelihood that it will rupture in an
earthquake is increased). The shear modulus and
Poisson’s ratio are fixed at 3.3 x 10° bar and 0.25,
respectively.

Earthquakes nucleating on active fault surfaces
are often approximated with rectangles dipping
within the brittle layer of the Earth’s crust. Fault
planes are adequately described by the use of geo-
metrical parameters such as the length, L, and the
width, w, of the fault zone, and the fault plane solu-
tion. To calculate the rupture parameters that are
necessary for the model application we use empirical
relationships when field observations or relevant
information from previous investigations are not
available. These relationships are taken from Pap-
AzAcHOS et al. (2004) who collected worldwide data
and proposed scaling laws for different seismotec-
tonic environments, according to which fault length,
(L, in km), and coseismic displacement, (u, in cm),
can be calculated as a function of the earthquake
magnitude. For the dip slip faults the following
scaling laws are derived:

logL = 0.50M — 1.86, (3)
logu = 0.72M — 2.82, 4)

whereas for strike-slip faults the respective equations
are:

log L = 0.59M — 2.30, (5)
logu = 0.68M — 2.59. (6)

Estimates from Egs. 3-6 and the respective rela-
tions proposed by WELLs and CopPERSMITH (1994)
were found to be in a good agreement.
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When the seismic moment (M,,) of an earthquake
is known the coseismic displacement, #, is calculated
from the following equation:

My=pu-u-S=p-u-L-w, (7)

where p is taken equal to 3.3 x 10° bar, as above,
and S is the fault surface (S = L w). Fault width, in
km, was estimated from the dip angle of the fault and
the distance measured down-dip from the surface to
the upper and lower edges of the rectangular dislo-
cation plane, respectively.

For the evolutionary model application, it is
necessary to define the seismogenic layer where the
distribution of the coseismic slip is considered. In our
study area it is known that the majority of the foci of
the crustal earthquakes are located in the depth range
of 3—15 km, which defines the brittle part of the crust.
Considering all the above information combined with
previous investigations for the study area (PapaDIMI-
TrIOU and Sykes, 2001), the seismogenic layer in our
calculations is taken to be in this range (3—15 km) for
all the strong events (M > 6.5) modeled.

In addition to the fault geometry parameters,
knowledge of the fault plane solutions is essential
because the variation of these parameters affects the
shape of the calculated stress field. Information on
the events’ fault plane solutions and moment
magnitudes was collected from several studies
(Global CMT solutions; McKEenNzie, 1972; EYIDOGAN
and JAcksoN, 1985; EYmoGaN, 1988; TaymMaz et al.,
1991b; Tavymaz and Price, 1992; KiraTzI and
Louvary, 2001; BArRkA et al., 2002; PapazacHos and
Papazacnou, 2003). The fault planes are defined with
the use of available field surveys, surface ruptures
and in the absence of visible tectonic features of their
corresponding faults, the ones consistent with the
regional stress field are chosen. Magnitudes that are
provided from PapazacHos and PapazacHou (2003)
are equivalent moment magnitudes, M., (PAPAZACHOS
et al., 1997).

4. Long-term Slip Rate Constraints on Major Faults
The incorporation of the tectonic loading in the

evolutionary stress field calculations requires the
identification of the position and geometry of the major
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faults in the study area, along with the definition of the
long-term slip rates on them. It is possible to estimate
the slip rates on the existing faults by using the relative
motions between GPS stations straddling them. Such
information is available mostly from Armuo et al.
(2003) who decomposed the present-day GPS velocity
into two superposed velocity fields, associated with
corresponding sets of slip rates on the major structures,
and REILINGER et al. (2006) who presented a new GPS-
derived velocity field including data from 1988 to
2005, updating the results by McCLUsKY et al. (2000;
2003). These observations deal with the zone of
interaction of the Arabian, African (Nubian, Somalian)
and Eurasian plates, adjacent parts of Zagros and
central Iran, Turkey and the Aegean/Peloponnesus
relative to Eurasia.

Active faults in western Turkey, Aegean and the
Greek mainland, are closely related with the plate
boundary processes, namely, the westward propaga-
tion of the North Anatolian Fault System and the
Aegean extension related to subduction processes.
GPS measurements have shown that large regions of
the lithosphere move coherently while deformation is
mostly localized on a small number of structures that
extend to the base of the lithosphere. During the in-
terseismic period, a fault is locked at seismogenic
depths in the brittle schizosphere. In the lower part of
the crust, in the plastosphere, the fault is continuously
creeping, loading its locked upper part. Block
boundaries have been determined from geologically
active faults, which account for the present-day block
motions and regional deformation, seismicity and
historic earthquakes.

ArMUO et al. (2003) incorporated both the geo-
detic and the geological constraints and provide a
robust description of the present-day deformation of
the Anatolian—Aegean region. They use for their
model localized deformation zones, which are rep-
resented by dislocation elements and extended from
the base of the lithosphere to the locking depth at the
base of the seismogenic layer. Some representative
values of slip rates on elements at the area of NAF are
12-20 mm/year at the northern strand of NAF, 12 or
2-6 mm/year at the southern part of NAF. Other
recent GPS data indicate rates of about 15-25 mm/
year (REILINGER et al., 1997; McCLusKy et al., 2000,
2003) or 24 + 1 mm/year (REILINGER et al., 2006).
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The latter authors used a simple, kinematic block
model, including elastic strain accumulations on the
block-bounding faults, to quantify relative block
motions and to determine present-day rates of the
strain accumulation on the block bounding faults.

Normal faulting in the area of western Turkey is
related with backarc extension of the Aegean.
Stretching appears localized in a few regularly spaced
rift zones in the Aegean which taper out into Anatolia
and Greece (FLERIT et al., 2004). These rift zones are
flanked by active faults, some of them being associ-
ated with the strong events modelled in this study, or
with historical events. The extension rates of these
fault segments range between 2 and 6 mm/year for
the central part of western Turkey, whereas at the
southern part reach values up to 8 mm/year. The
transtensional character for some of these faults up to
the central western part is modelled by a strike-slip
component of the order of 1-2 mm/year (ARMuO
et al., 2003; REILINGER et al., 2006).

The defined major active fault segments and their
long-term slip rates with their code names are shown
in Fig. 2 along with the fault plane solutions of the
modeled strong events (M > 6.5), as lower-hemi-
sphere equal-area projections. Information on the
names of the fault segments, their code names, geo-
graphical position, geometry (strike and dip) and their
average long-term slip rates is given in Table 1. All
values of slip rates represent about 60% of the slip
rates provided by Armuo et al. (2003), FLERIT et al.
(2004) and REILINGER et al. (2006) in order to account
only for the seismically released strain energy. This
constraint of the maximum possible accuracy slip rate
for each fault segment will promote better estimates
of earthquake hazard.

As regards the value of 60% of seismic coupling
coefficient concerns, our choice was based on previ-
ous relevant investigations. According to AMBRASEYS
and JacksoN (1990) a significant proportion (as much
as 60%) of the strain may be aseismic. JACKSON et al.
(1994) concluded that seismicity can account for at
most 50% of the deformation in the Aegean area.
KING et al. (1994), comparing plate rates to seismic
moment release rates at the area of California and
Nevada, found that the relative plate motion occurred
about 60% seismically and 40% aseismically. For the
area of NAF in particular KinG er al. (2001) found
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that the rate of moment release accounts for about
60% of the relative plate motion. DAVIES et al. (1997)
found that the seismic expression of strain for Greece
accounts for only 20-50% of the geodetically deter-
mined strain. AyHAN et al. (2001) comparing GPS and
seismic shear strain rates discovered that about 70%
of GPS shear strain is accounted for by coseismic
strain release. BIRp and Kacan (2004) showed that
continental transform faults (like NAF) have a 74%
seismic coupling.

5. Calculation of the Evolutionary Stress Field

Stress changes, i.e., values of ACFF, are com-
puted for the faulting types present in the study
area, that is, right-lateral strike-slip faults oriented
almost E-W or NE-SW and normal faults with
almost E-W or ENE-WSW strike directions. At
each stage of the evolutionary model, ACFF is
calculated for a specific faulting type, that of the
next inspected event. Information pertinent to the
fault plane solutions of the events included in
the calculations is given in Table 2 along with the
rupture dimensions, length, L, and width, w, and
the along strike, SS, and along dip direction, DS,
coseismic slip, u, components.

Figures 3a—v are snapshots of ACFF at a depth of
10 km, chosen to be several kilometers above the
locking depth (15 km) in the evolutionary model,
since the nucleation depth is not known for most of
the events. This is in agreement with KiNG er al.
(1994) who found that seismic slip peaks at mid-
depths in the seismogenic zone. In these figures, blue
regions denote negative changes in Coulomb stress
models and are called stress shadows (Harris and
SimpsoN, 1993, 1996). Yellow to red areas are char-
acterized as stress bright zones, representing positive
values of ACFF. Pure green area indicates no sig-
nificant change in CFF. Shadow zones and bright
zones are specific to the strike, dip and rake angles of
the fault that experiences the ACFF. We will present
that, in each stage of the stress evolution calculations,
the strong events are located inside the stress
enhanced areas. The same applies for moderate
events with faulting similar to the type for which the
stress calculations were performed.
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Information on the fault segments on which tectonic loading is considered for the evolutionary stress field calculations

Pure Appl. Geophys.

Segment Code name  Fault segment start Fault segment end Strike Dip Length Width Faulting SS DS
number ©) (°)  (km) (km)  type
Latitude Longitude Latitude Longitude mm/year mm/year
°N °E °N °E

S1 Duzce 40.75 31.08 40.83 31.73 262 53 56 0-19 RS -72 0.0
S2 Karadere 40.69 30.79 40.75 31.08 255 55 26 0-18 RS -72 0.0
S3 Izmit 40.70 29.35 40.69 30.79 268 84 120 0-15 RS —10.8 0.6
S4 Cinarcik 40.70 29.35 40.90 28.95 308 88 404 0-15 RS —10.2 4.8
S5 Marmaras 1~ 40.90 28.95 40.85 28.10 263 84 75 0-15 RS —11.4 0.0
S6 Marmaras 2 40.85 28.10 40.79 27.50 263 78 51 0-16 RS —114 0.0
S7 Ganos 40.40 26.35 40.79 27.50 68 55 110 0-18 RS —12 0.6
S8 Saros 1 40.48 26.15 40.40 26.35 297 60 20 0-17 RS -12 3.0
S9 Saros 2 40.39 25.70 40.48 26.15 68 55 40 0-18 RS —12 3.0
S10 Mudurnu 40.53 31.10 40.70 30.30 275 88 80 0-15 RS -3.6 1.8
S11 Abant 40.53 31.10 40.60 32.20 265 78 90 0-16 RS -72 0.0
S12 Iznik 40.53 31.10 40.31 29.53 260 78 1355 0-16 RS -3 0.6
S13 Bursa 1 40.31 29.53 40.04 28.46 248 78 957 0-16 RS -3 0.6
S14 Manyas 40.12 28.08 40.04 28.46 280 50 35 0-19 N —0.6 3.0
S15 Yenice 1 40.05 27.70 40.12 28.08 256 70 332  0-16 RS —-12 0.0
S16 Yenice 2 40.05 27.70 39.56 26.70 250 70 101 0-16 RS —1.8 0.0
S17 Edremit1 39.48 26.31 39.56 26.70 74 46 35 0-21 N -1.2 2.4
S18 Edremit2 39.48 26.31 39.41 25.60 82 45 613 021 N —-1.2 2.4
S19 Gedizl 38.94 29.4 38.94 29.65 270 35 24 0-26 N 0.0 1.6
S20 Gediz2 39.03 29.14 38.94 29.40 308 35 24 0-26 N 0.0 1.6
S21 Bergamal 39.16 28.30 39.03 29.14 282 35 74 026 N 0.0 1.6
S22 Bergama2 39.16 27.54 39.16 28.30 271 35 66 026 N —0.6 3.0
S23 Soma 39.05 27.10 39.16 27.54 253 45 43 0-21 N —0.6 3.0
S24 Dikilli 39.05 27.10 38.90 26.88 211 45 26 0-21 N —0.6 3.0
S25 Elaia 38.90 26.88 38.63 26.25 241 45 628 021 N —-1.2 1.8
S26 Chios 38.63 26.25 38.63 25.70 84 36 476 026 N 0.0 3.6
S27 Philadelphia  38.26 28.70 38.00 29.30 328 45 6036 021 N —0.6 24
S28 Alasehir 3841 28.42 38.26 28.70 281 34 25 027 N —0.6 2.4
S29 Sardeis 38.41 28.42 38.50 28.00 286 35 38 0-26 N —0.6 24
S30 Turgutlu 38.50 28.00 38.46 27.60 263 45 35 0-21 N 0 3.6
S31 Kemalpasa  38.46 27.6 38.43 27.30 263 45 26 0-21 N 0 3.6
S32 Izmir 38.40 27.00 38.15 26.00 260 45 47 0-21 N 0 3.6
S33 Cezme 38.25 26.40 38.35 26.77 252 45 34 0-21 N 0 3.6
S34 Urla 38.35 26.77 38.43 27.30 252 45 37 0-21 N 0 3.6
S35 Denizli 37.85 27.55 37.95 28.95 83 45 31 0-21 N —0.6 4.2
S36 Nazili 37.85 27.55 37.90 28.40 84 45 48 0-21 N —0.6 42
S37 Aydin 37.90 28.40 37.95 28.95 86 45 75 0-21 N —0.6 4.2
S38 Kusadaci 1~ 37.65 27.22 37.85 27.55 55 51 36 0-19 N —0.6 42
S39 Kusadaci 2 37.71 27.08 37.65 27.22 117 45 16 0-21 N 0 0.6
S40 Samos 37.71 26.61 37.71 27.08 91 45 46 0-21 N 0 3.0
S41 Ikaria 37.71 26.61 37.58 25.70 80 45 80 0-21 N 0 2.4
S42 Mugla 37.08 28.53 37.10 29.14 88 45 54 0-21 N 0 3.0
543 Marmaris 36.97 27.55 37.08 28.53 83 45 88 0-21 N 0 3.0
S44 Kalymnos 36.95 26.30 36.97 27.55 90 45 111 0-21 N 0 3.0
S45 Amorgos 36.41 25.30 36.95 26.30 65 40 100 0-23 N 0 2.4
S46 Bodrum 36.98 27.60 36.86 27.35 59 50 26 0-19 N 0 3.0
S47 Kos 36.74 27.07 36.86 27.35 65 50 28 0-19 N 0 3.0
S48 Astypalaia  36.74 27.07 36.40 26.40 58 50 71 0-19 N 0 3.0
549 Symi 35.90 26.71 36.42 27.63 91 45 91 0-21 N 0 0.6
S50 Tilos 36.80 28.70 35.99 28.25 56 50 100 0-19 N 0 0.6
S51 Rodos 36.42 27.63 36.42 28.65 30 80 98 0-15 LS 0 1.8
S52 Fethiye 37.32 29.48 36.80 28.70 50 80 90 0-15 LS 0 1.8
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Segment Code name  Fault segment start

Fault segment end

Strike Dip Length Width Faulting SS DS

number ©) ) (km) (km)  type
Latitude Longitude Latitude Longitude mm/year mm/year
°N °E °N °E

S53 Burdur 38.30 30.80 37.32 29.48 50 80 158 0-15 LS 0 1.8

Some of these segments are associated with the strong (M > 6.5) modeled events or with known historical events. The first two columns give
the number (as it appears in Fig. 2) and the code name of each fault segment. The next four columns give the geographical coordinates of the
segment edges. The fifth and sixth columns give the strike and dip angles, respectively, for each segment, whereas the seventh and eighth
columns give the corresponding fault length and width. The faulting type of each segment is indicated in the 11th column (RS right-lateral
strike-slip; N normal; LS left-lateral strike-slip). The last two columns give the annual slip rate assigned in each segment (SS strike-slip
component, negative for dextral motion; DS dip-slip component: positive for normal faulting)

The fault segment associated with the occurrence
of each incoming earthquake is shown in Fig. 3 by a
black color and the faults that already failed are in
white, where the changes in stress are presented for
the whole study area. In Fig. 3a, c-i, k-1, o, and g-s
the calculations of ACFF were performed for normal
or oblique normal faulting type. The remaining fig-
ures show the evolutionary stress field calculated for
dextral strike-slip faulting. Initial values of ACFF are
assumed to be zero everywhere on each fault plane
just before the Samos earthquake of 1904, which is
the first strong event in our data sample.

Figure 3a, displays the coseismic stress changes
associated with the 1904 Samos event, which created
a shadow zone for the normal faulting type. Bright
zones are observed to the east and west. We expect
these stress changes to affect the occurrence of future
events. The 1912 Ganos earthquake occurred
between the Gulf of Saros and the Sea of Marmara at
the western part of the North Anatolian Fault.
Figure 3b shows the state of stress before its occur-
rence with respect to the 1904 baseline. The event is
inside an area of positive static stress changes due to
the virtual model of stress accumulation. The 1914
Burdur earthquake is located inside at the borders of a
region of positive ACFF (Fig. 3c). The 1919, Soma
earthquake is located inside a bright zone (Fig. 3d),
when the evolutionary stress field is calculated just
before its occurrence and according to its fault plane
solution. An extended shadow zone covers the areas
to the north and south of the 1919 rupture, due to the
coseismic stress changes of the 1904 and 1912
earthquakes. The stress evolutionary model success-
fully explains the location of the 1928 Torbali and the

1933 Kos events since the causative faults are inside
bright zones (Fig. 3e, f, respectively). The epicenter
and part of the causative fault of the 1939 Dikili event
are located inside the stress enhanced area (Fig. 3g),
partly created from the 1919 occurrence. The shadow
zone at the north of the study area is eliminated over
time as stress accumulates from 1939 to 1944, thus
creating a bright zone inside which the 1944 Ayvacik
event is located (Fig. 3h). Figure 3i depicts the stress
state before the occurrence of the 1949 Chios earth-
quake, with respect to the 1904 baseline, which
reveals that the rupture zone is located in a region of
positive ACFF.

The state of ACFF before the 1953 Yenice
earthquake is shown in Fig. 3j. The rupture is located
in a region of positive ACFF, although, as we will
show later, a part of the surface plane is inside
positive stress changes. Figure 3k shows the accu-
mulated Coulomb stress just before the 1955
Agathonisi earthquake calculated according to its
fault plane solution. The causative fault is located
inside a region of positive ACFF, to the east of the
1904 rupture, which probably hastened the 1955
occurrence. Figure 31 shows the state of stress before
the 1956 Amorgos large event, with the associated
fault seated in a stress enhanced area.

The fault of the 1957 Rhodos earthquake is
located at the borders of stress bright zone and stress
shadow (Fig. 3m). The stress field shown in Fig. 3n is
the result of the accumulated stress changes (since
1904) calculated according to the fault plane solution
of the 1957 Abant event. Its rupture zone was located
inside a large region of positive ACFF. We note here
the positive effect of the large 1944 Bolu—Gerede
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Table 2
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Rupture models for earthquakes with M > 6.5 that occurred in the study area since the beginning of the twentieth century

s

Origin time epicenter My, M, (x10%® dym cm) Fault plane solution L w SS DS
- - - B ) (km) (km) (m) (m)
Year Date Time Latitude Longitude Strike Dip Rake
(°N) (°E) ©) © ©
1904 Aug. 11 06:08:30 37.66 26.93 6.8 (4) 91 45 —115 46 17 —0.50 1.08
1912 Aug. 9 01:29:00 40.62 26.88 74 (2) 6.0(Q2) 68 55 —145(2) 110 146 —-1.02 0.72
1914 Oct. 3 22:07:00 37.70 30.20 7.0(05) 444 230 35 —105 52 21 —0.43 1.60
1919 Nov 18 21:54:50 39.20 27.40 6.9 (2) 1.38(2) 253 45 —115(2) 43 17 —0.26  0.57
1928 Mar. 31 00:29:47 38.18 27.50 6.5 (4) 83 45 —94 25 17 —0.05 0.72
1933 Apr. 23 05:57:37 36.80 27.30 6.6 (4) 65 50 —90 (6) 28 15.6 0.18 0.84
1939 Sep. 22 00:36:32 39.00 27.00 6.6 (4) 211 45 —115 26 17 —0.36  0.78
1944 Oct. 6 02:34:41 39.51 26.57 6.8 (2) 74 46 —114 (2) 35 17 0.41 1.12
1949 July 23 15:03:30 38.58 26.23 6.7 (4) 1.85(6) 84 36 —80 31 20.4 0.17 1.01
1953 Mar. 18 19:06:16 40.02 27.53 72 2) 8.7(05) 250 70 —160 60 13 —3.55 1.29
1955 July 16 07:07:10 37.55 27.15 6.9 (4) 55 51 —133 (8) 38 154 —0.81 0.87
1956 July 9 03:11:40 36.30 25.70 7.7 (4) 65 40 -90©9) 75 18.7 0.00 5.30
1957 Apr. 25 02:25:42 36.50 28.60 72(5) 440 30 80 —41 67 12.2 1.01 0.88
1957 May 26 06:33:30 40.60 31.00 (1) 7.0(2) 6.76 (2) 265 78 179 (2) 40 122 —1.47 -0.03
1964 Oct. 6 14:31:23 40.30 2823 (2) 6.9 280 50 —-90 (2) 35 16.7 —0.12 1.41
1967 July 22 16:56:58 40.67 30.69 2) 7.2 275 88 —178 (2) 80 12 —-2.02  0.07
1969 Mar. 28 01:48:29 38.42 28.6 (3) 6.5 (3) 0.625 (3) 313 34 -90 3) 25 21 0.00 0.61
1970 Mar. 28 21:02:23 39.055 29.60 3) 7.1 (3) 1.09 (3) 308 35 —90 (3) 24 21 0.00 1.60
1970 Mar. 28 23:00:00 39.16 2950 3) 7.1 (3) 3.06 (3) 270 35 —110 3) 24 21 —-0.82 225
1975 Mar. 27 05:15:08 40.40 26.10 6.6 (7) 0.64 (7) 68 55 —145 (2) 40 147 -0.70  0.49
1999 Aug. 17 00:01:37 40.76 29.97 7.4 (10) 1.31 (10) 268 84 180 (10) 35 12 —2.76  0.00
260 87 164 (10) 20 12 —1.92 —-0.55
265 87 164 (10) 26 12 —3.36 —0.96
271 87 164 (10) 35 12 —1.83 —0.52
1999 Nov. 12 20:00:00 40.79 31.21 72 (7)) 6.56(7) 262 53 =177 (11) 56 15 —2.06 —0.14

First five columns give information on the occurrence time and the epicentral coordinates of each event. The next two columns give the
magnitude and seismic moment when available. The eighth through tenth columns give the strike, dip and rake angles of the fault plane.
Eleventh and 12th columns give the fault length, L, and width, w. SS and DS in the last two columns, respectively, give the strike-slip
component (negative for dextral faulting) and the dip-slip component (positive for normal faulting). Note that for the 1999 Izmit main shock a
multi segmented fault is considered. Numbers in parentheses indicate references

References: 1. AMBRASEYS (2001); 2. Taymaz et al. (1991b); 3. EvipoGaN and JAcksoN, 1985; 4. Papazacnos and PapazacHou (2003); 5.
PacuEco and Sykes (1992); 6. EvipoGan, 1988; 7. Global CMT determination; 8. McKeNzIE (1972); 9. SHiRokovA (1972); 10. BARKA et al.

(2002); 11. Kiratzr and Louvart (2001)

earthquake (M 7.3), which occurred outside and to
the east of our study area, as being along strike,
created a wide stress enhanced zone encompassing
the ruptures of 1957, 1967 and the two 1999 events
(NALBANT et al., 1998). In Fig. 30 the accumulated
Coulomb stress changes just before the 1964 Manyas
earthquake of 1964 are shown for faulting in agree-
ment with its focal mechanism. The activated fault is
situated in a stress-enhanced area. Figure 3p shows
the accumulated stress changes calculated according
to the fault plane solution and just before the occur-
rence of the 1967 Mudurnu earthquake which is
probably inhibited by the 1957 Abant earthquake by

the stress transfer between the two adjacent fault
segments. Figure 3q shows the accumulated Cou-
lomb stress changes just before the occurrence of the
1969 Alasehir rupture, which is located in a stress
enhanced area.

Figures 3r and s show the accumulated Coulomb
stress just before the 1970 Gediz main shock and its
major aftershocks, respectively. The activated faults
are located inside stress-enhanced areas. The later
one, occurring just 2 h after the first event, is most
probably triggered by the first. Figure 3t shows the
accumulated Coulomb stress changes just before the
1975 Saros event, occurring on a site where the 1912
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Coulomb stress accumulated since 1904 (bars)
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Figure 3
Stress evolution in western Turkey and eastern Aegean Sea since
1904. Coulomb stress is calculated for dextral strike-slip and
normal faults at a depth of 10 km. The stress pattern is calculated
for the faulting type of the next strong event in the sample. The
colour scale in the bottom shows the stress changes in bars. Fault
plane solutions are denoted as in Fig. 2. Stars denote epicenters of
earthquakes linked with a thin line with the beach balls. The fault
segment associated with the occurrence of each event is shown by
black color, while the segments that already failed are shown in
white. a Coseismic Coulomb stress changes associated with the
1904 event. b Stress evolution until just before the 1912 Ganos
event. Coseismic stress changes associated with the 1904 earth-
quake and tectonic loading on the fault segments since then are
included. ¢ State of stress before the 1914 Burdur earthquake. d
ACFF before the 1919 Soma event. e State of stress just before the
1928 Torbali event. f Stress evolution before of the occurrence of
the 1933 Kos event. g Coulomb stress changes before the 1939
Dikili earthquake. h Stress evolution until the 1944 Ayvacik main
shock. i State of stress just before the 1949 Chios island event. j
ACFF up to the 1953 Yenice earthquake. k Stress evolution before
the 1955 Agathonisi earthquake. 1 State of stress just before the
1956 Amorgos main event. m Coulomb stress changes until the
1957 Rhodes earthquake. n Stress evolution just until the 1957
Abant earthquake. o State of stress before the 1964 Manyas
earthquake. p Stress evolution until just before the 1967 Mudurnu
earthquake. ¢ ACFF just before the 1969 earthquake in Alasehir. r
State of stress before the first 1970 Gediz event, and s before the
second 1970 Gediz event. t State of stress before the 1975
earthquake in Saros. u ACFF before the 1999 Izmit earthquake. v
ACFF before the 1999 Diizce earthquake

Ganos earthquake has accumulated positive Coulomb
stress changes. Figure 3u shows the accumulated
stress changes calculated just before the occurrence
of the 1999 Izmit (Kocaeli) large main shock, which
is here shown as one fault segment, although a multi-
segmented source is considered for its modeling.
After the 1967 earthquake a bright zone had been
created in this part of NAF; a branch of which
includes the rupture zone of the 1999 event. An
extended bright zone appeared at the eastern area of
Kocaeli where the next Diizce earthquake occurred
(Fig. 3v). This is in agreement with PARSONS et al.
(2000), HUBERT-FERRARI et al. (2000) and PapPADIMI-
TRIOU et al. (2001) who found that the spatial
distribution of Coulomb Stress changes caused by the
Izmit (Kocaeli) earthquake showed an extended stress
enhanced zone comprising the rupture area of the
Diizce earthquake. The bright zone in Fig. 3v that
now encompasses the fault associated with the 1999
Diizce earthquake is evidently due to the stress
changes caused by the Izmit coseismic slip, thus

Pure Appl. Geophys.

evidencing its possible triggering by the previous
strong event.

We extended our calculations of the evolutionary
stress field to 2008, whereas after 1999 no strong
event (M > 6.5) has occurred in our study area.
Figure 4 depicts the evolved stress state from 1904 to
the present and includes the addition of coseismic
stress changes associated with the occurrence of the
1999 Diizce earthquake and the stress accumulation
caused by 105 years of tectonic loading. The stress
field is inverted for three faulting types (dextral
strike-slip, normal and sinistral strike-slip) and dif-
ferent values of the Skempton’s coefficient (B = 0.2,
B = 0.5 and B = 0.9), for testing the effect of the
pore fluid on the stress changes calculations. The
lower and maximum values assigned here are the
extreme values that this coefficient can take,
expressing the lower and maximum filling of the
pores, respectively. Figures 4a—c shows the evolved
stress change for a typical normal slip fault for the
area (strike = 275°, dip = 45°, rake = —90°) along
with the focal mechanisms of smaller magnitudes
(M < 6.5) earthquakes since 1999. The same holds
for Fig. 4d—f but for dextral strike-slip faulting
(strike = 90°, dip = 87°, rake = —178°) and Fig. 4g—i
for left-lateral strike-slip faulting (strike = 30°,
dip = 80°, rake = —41°). Information regarding the
fault plane solutions depicted in Fig. 4 is given in
Table 3. A lower value of Skempton’s coefficient
(B = 0.2) is used in Fig. 4a, d and g where the stress
pattern looks very similar to that depicted in Figs. 4b
and 5b, which was calculated for B = 0.5. Figure 4c,
f and i show the stress pattern calculated for a higher
Skempton’s coefficient (B = 0.9), in which the
resulting pattern also remains almost unaffected. This
shows that the value of the Skempton’s coefficient
selected (B = 0.5) is suitable for our calculations.
Most of the smaller events plotted in Fig. 4 are
located inside bright zones or in the borders between
bright and shadow zones.

In order to investigate the effect of the evolu-
tionary stress field on the incoming ruptures, the
cumulative stress changes were calculated onto the
rupture plane of each event just before its occurrence
and are shown in Fig. 5. Although precise hypocenter
location or details on rupture initiation are not
available for the majority of the modeled events, and
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Coulomb stress accumulated since 1904 (bars)
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Figure 3
continued

in this case it is not feasible to correlate them with the
position of the maximum ACFF, it is evident that in
most cases the assumed rupture surfaces are inside
stress enhanced areas. Examining the rupture plane of
the normal faulting 1914 Burdur event (Fig. 5b),
although it is influenced by tectonic loading on the
nearby strike-slip Fetiye—Burdur fault, its occurrence
is not inhibited since it is partially enhanced by
positive stress changes. Even the rupture plane of the
1953 Yenice main shock, which is of strike-slip
faulting in a parallel branch with the one associated
with the 1912 Ganos event, is partially inhibited by
this previous occurrence (Fig. 5i). It is thus worthy of
note here, that the evolutionary model is adequate to
explain the sequential occurrence of the strong
events.

A quantitative evaluation of the calculation is
given in Table 4, where the percentage of the rupture
plane with positive or even larger of 0.1 bars, stress
changes values is given (4th and 5th columns of the
Table). Given the uncertainty in knowing the nucle-
ation depth, this percentage is also estimated at
depths of 6, 8, 10 and 12 km (last four columns of the
Table), which are considered the most presumable
depths for crustal events in the study area.

6. Influence of the Skempton’s Coefficient, and Rake
and Dip Angles on the ACFF Calculations

In order to investigate to which extend the
uncertainties involved in the fault parameters (dip
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Coulomb stress accumulated since 1904 (bars)
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Figure 4
a Coulomb stress evolution until 2008 calculated for normal faulting representative (strike = 275°, dip = 45°, rake = 90°) of the area at a
depth of 10.0 km for Skempton’s coefficient equal to 0.2. The fault plane solutions of the events with M <6.5 that occurred during 2000-2008
and are associated with normal faulting are also shown as lower-hemisphere equal area projections. b Same as a with B = 0.5. ¢ Same as a
with B = 0.9. d Same as in a but for dextral strike-slip faulting representative for the area (strike = 90°, dip = 87°, rake = 178°). e Same as
in d but for B = 0.5. f Same as in d but for B = 0.9. g Same as in a but for sinistral strike slip faulting representative (strike = 30°,
dip = 80°, rake = —41°) of the area. h Same as in g but for B = 0.5. i Same as in g but for B = 0.9



Vol. 167, (2010)

Stress Transfer and Time-dependent Probability 1029

Table 3

Information on the available fault plane solutions for earthquakes that occurred in the study area from 1999 to present (Global-CMT
determination)

Origin time Epicenter M Depth (km) Focal mechanism

Year Date Longitude (°E) Latitude (°N) Strike (°) Dip (°) Rake (°)
2000 21 Apr. 29.39 37.78 5.4 15.0 110 23 —139
2000 23 Aug. 30.72 40.68 53 15.3 253 57 —160
2000 15 Dec. 31.35 38.40 6.0 15.0 285 41 —100
2002 3 Feb. 31.21 38.62 6.4 15.0 269 37 —71
2002 3 Feb. 30.56 38.23 5.8 15.0 236 45 —58
2002 3 Feb. 31.22 38.52 53 15.0 76 43 —70
2003 4 Oct. 26.86 38.05 5.7 15.0 155 70 —15
2003 17 Apr. 26.75 37.92 5.2 15.0 156 50 —15
2003 6 July 26.02 40.19 5.7 15.0 169 771 7
2003 6 July 26.17 40.17 5.2 15.0 73 77 173
2003 9 July 25.86 40.33 4.8 18.0 356 71 3
2003 23 July 28.77 37.88 53 15.0 97 31 —111
2003 26 July 29.05 38.03 5.4 15.0 60 57 —147
2004 15 June 26.04 40.34 5.2 12.0 342 78 5
2004 3 Aug. 27.93 36.77 52 12.0 74 38 -97
2004 4 Aug. 27.88 36.80 5.5 12.0 75 40 -95
2004 4 Aug. 27.97 36.82 5.2 12.0 71 42 —111
2004 4 Aug. 2791 36.81 53 12.0 75 41 —94
2004 20 Dec. 28.33 36.88 53 12.0 105 45 —69
2005 10 Jan. 27.87 36.84 5.4 15.1 110 45 —63
2005 11 Jan 27.84 36.84 5.0 12.2 100 33 —69
2005 17 Oct. 26.82 38.15 5.5 15.2 242 61 —166
2005 17 Oct 26.62 38.18 5.8 12.0 231 76 —-177
2005 17 Oct 26.54 38.12 5.2 17.8 250 42 —161
2005 20 Oct. 26.72 38.16 5.8 12.9 231 73 —169
2006 5 June. 28.65 37.80 4.8 21.7 295 34 —88
2006 24 Oct. 29.00 40.40 5.0 14.3 205 32 —144
2007 23 Jan. 28.52 38.28 4.9 132 301 28 —103
2007 30 Mar. 3091 37.92 4.5 13.5 158 45 —129
2007 10 Apr. 30.87 37.96 5.1 14.6 161 50 —122
2007 31 Aug. 26.32 36.59 5.2 15.7 71 25 —83
2007 29 Oct. 29.21 36.89 53 12.0 275 37 —107
2007 16 Nov. 29.34 36.83 5.1 13.0 263 38 —108
2008 25 Apr. 28.94 37.84 5.0 122 276 28 —151

and rake angles) influence the calculated stress pat-
tern, two earthquakes were selected and the
correlation between calculated stress changes and
different values of Skempton’s coefficient, rake and
dip angle of the fault are tested following the tech-
nique of Parsons (2005). We have chosen for this
purpose a dip-slip and a dextral strike-slip event for
the sake of comparison, and performed the calcula-
tions at a depth of 10 km.

The values of static stress changes at the hypo-
center of the 1969 Alasehir normal faulting
earthquake (M, = 6.5) as a function of assumed
different values of the Skempton’s coefficient

(0.2 < B < 0.9) and varying the rake angles (ranging
between —70° and —110° to keep the normal char-
acter of faulting) are shown in Fig. 6a. For a constant
value of the rake angle variation, the selection of the
Skempton’s coefficient value, B, can cause differ-
ences in the calculated static stresses up to 0.2 bar
(20% variation). Almost the same difference is found
(0.16 bar) for dip angle variation when the calcula-
tions are performed for a constant value of B (12—
13% variation). Keeping the rake value constant and
equal to —90°, different dip angle values ranging
from 30° to 60° were tested (considering that the
typical mean value for crustal normal faults is 45°
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Figure 5
Accumulated static stress changes associated with the tectonic loadingg on the major faults and the coseismic slip of the earthquakes taken into
account in the stress evolutionary model, resolved onto the rupture plane of the next strong event. Contour lines are accompanied with
corresponding values of stress changes in bars. Rectangles denote the rupture areas, considered as rectangular surfaces with two edges parallel
to the Earth’s surface, for: a the 1912 Ganos main shock, b the 1914 Burdur earthquake, ¢ the 1919 Soma main event, d the 1928 Torbali main
shock, e the 1933 Kos earthquake, f the 1939 Dikili earthquake, g the 1944 Ayvacik event, h the 1949 Chios main shock, i the 1953 Yenice
earthquake, j the 1955 Agathonisi event, k the 1956 Amorgos main shock, 1 the 1957 Rhodes earthquake, m the 1957 Abant earthquake, n the
1964 Manyas event, o the 1967 Mudurnu main shock, p the 1969 Alasehir earthquake, g the 1970 first Gediz event, r the 1970 second Gediz
event, s the 1975 Saros main shock, t the 1999 Izmit main shock and u the 1999 Diizce event



Vol. 167, (2010) Stress Transfer and Time-dependent Probability 1031

=

Distance (km)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Downdip (km)  Downdip (km)  Downdip (km)  Downdip (km)  Downdip (km)  Downdip (km)

Downdip (km)

Coulomb stress accumulated since 1904 (bars)

-200.0 -100.0 -100 -1.0 -0.1 0.0 0.1 1.0 10.0 100.0  200.0

Figure 5
continued

and that the 1969 earthquake occurred on a fault with was found to depend on the variation of friction
dip angle 34°, see Table 2). The stress changes were coefficient (Fig. 6b).

found to vary up to 0.7 bar (38-60% variation), The same procedure was followed for the 1999
whereas a change of up to 0.2 (11-12% variation) bar Diizce earthquake (M,, = 7.2) of dextral strike-slip
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Figure 5
continued

faulting. We selected this event, which also has been —180° keeping the sense of the dextral strike slip
tested by Parsons (2005), for the reasons stated by faulting. Differences reaching 0.55 bar were found
the above author and for the sake of comparison. The (5% variation) in the static stress changes depending
values of Skempton’s coefficient are varied from 0.2 on Skempton’s coefficient, whereas these changes
to 0.9 and the ones of the rake angle from —140° to reached up to 1.5 bar (12-13% variation) for the rake
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a Coulomb stress changes at 1969 Alasehir earthquake hypocenter
1.35 : : :

—

w

4 Rake

= Angle (')
@ —— 70
o -

g -= -850
£ 50
[ == -100
= e =

E 110
2

=2

k=]

(5]

<

1 4 -
0.2 03 0.4 05 06 0.7 08 09
Skempton's coefficient B
b Coulomb stress changes at 1969 Alasehir earthquake hypocenter
19 :
Rake=-90"

3

(1]
2

» B-value
a —— 0.2
[=2]

= - 0.3
% —— 04
o ==05
[ ~— 0.6
s - 0.7
g 0.8
o — 09
<]

0.9 -+ +
30 35 40

50 55 60

Dip Angle (degrees)

Figure 6
Changes in stress calculated at the 1969 Alagehir hypocenter, a versus different values of the Skempton’s coefficient (0.2-0.9) and values of
rake ranging from —70° to —110°, and b versus different values of dip angle (30°—90°) and values of Skempton’s coefficient ranging from 0.2

angle variance (Fig. 7a). Keeping the rake angle
constant and equal to —177°, it was found that if the
fault dip at Diizce hypocenter is allowed to vary from
40° to 90° the ACFF values may vary up to 2.1 bar
(17-20% variation), whereas values up to 0.7 bar
resulted from the variation of the Skempton’s coef-
ficient (7% variation) (Fig. 7b). Parsons (2005)
found 20-80 and 40-50% changes for rake and dip
angle variation, respectively, and 20-50% when

examining the range of the values coefficient of
friction.

The definition of the dip angle of the fault plane
seems to play the most important role in the varia-
tions of the calculated static stress changes, since for
both cases investigated these variations registered the
larger values. The influence of the rake angle is still
important, however, because the absolute differences
found, of the order of 0.1-1.5 bars, are significant
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a Coulomb stress changes at 1999 Duzce earthquake hypocenter
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Figure 7
Changes in stress calculated at the Diizce hypocenter, a as a function of different values of friction coefficient from 0.1 to 0.8 and fault rakes
ranging from —140° to —180°, b as a function of different values of Skempton’s coefficient from 0.2 to 0.9 and dip angle from 40° to 90°

when triggering is inspected or when these values are
incorporated in probability calculations.

7. Stress Transfer and Earthquake Probabilities
An attempt is made in this section to estimate

probabilities for the occurrence of future strong
(M > 6.5) events on the fault segments associated

with events of M > 6.5 that occurred either during
the instrumental period or during the past centuries
and for which available information exists. For a
probabilistic earthquake forecast in a region under the
influence of past events it is considered that the stress
transfer might hasten or delay an upcoming earth-
quake. Calculations of time dependent probability are
a means of expressing variability in an earthquake
renewal process. For this purpose we followed the
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methodology of StEIN et al. (1997), Toba et al.
(1998) and Parsons (2004, 2005) who consider both
permanent and transient effects of the stress changes
on earthquake probabilities.

Two models for the estimation of earthquake
probabilities are generally in use, the stationary
Poisson model and the conditional probability model
(CornNELL et al., 1968; HaGgiwara, 1974). We first
present results (Table 5) from the simple Poisson
model for comparative purposes. This model is one
that treats earthquakes as random in time (#) about an
average interevent time (7,) as:

P(t<T<t+At)=1—e 2T (8)

The values of T, and the corresponding calculated
probabilities are given in Table 5.

With the conditional probability model, proba-
bility can increase with time to represent increasing
stress on a fault segment toward an uncertain stress
threshold. A time-dependent probability (in any time
interval (f, t + Ar)) is calculated by a probability
density function f{(¢) as:

t+At

P<T<t+Ar)= f(r)de, 9)

1
where P is the probability that an earthquake will
occur at some time 7 in some interval (¢, t + Ar).
Two commonly applied probability density functions,
f(t), the lognormal distribution (e.g., NiSHENKO and
BuLanp, 1987):

1 —(Int)?
flt,o, B) = ﬂt\/ﬁeXp[ (zﬁz“) ] (10)
where f* = lnG—f2 + 1), o=In [T, exp(—O.Sﬁz)] o Tp
is the average interevent time, s, ‘the standard
deviation of interevent time, and the Brownian Pas-
sage Time (Kacan and Knoprorr 1987; MATTHEWS
et al., 2002):

T2 —(t-T,)?
t, T,, a) = L ex § 11
f6, 1r, a) 2mo2t3 p[ 2T, 02t |’ (11)
where T, is the mean interevent time and « is the
aperiodicity (coefficient of variation), have charac-
teristics that qualitatively mimic earthquake renewal.
The lognormal distribution is assumed here and the

Pure Appl. Geophys.

mean interevent time (7,) with the corresponding
standard deviation (s,) were estimated. For this esti-
mation historical information is mainly taken from
PaprazacHos and ParazacHou (2003), AMBRASEYS and
JacksoN (2000) and AmBRASEYS (2002), whereas for
some of the fault segments, and especially along the
NAF, additional information on the corresponding
recurrence times was taken from paleoseismo-
logical investigations. Historical information is thus
enhanced, especially in cases of large events that
seemed to have broken multiple segments, as the
1509 and 1766 events, or in cases of clustering, such
as the three large earthquakes in 1343, 1344 and
1354, which according to RockweLL et al. (2001)
comprise a mini-sequence rupturing much of the
NAF.

In addition to the 1999 earthquake the Duzce fault
(our S1 segment) is associated with the 967 and 1,878
earthquakes, with no obvious correlation with a third
palaeoearthquake (1,495-1,700), result in an average
recurrence time of 330-370 years (Pantosti et al.,
2008). The 1719 and August 1999 earthquakes both
appear to have ruptured the Izmit (S3) segment with
an observed interevent time of 280 years and a cal-
culated one of 288 years (Parsons, 2004). The 1719
rupture is also supported by PoNDARD et al. (2007)
and KLINGER et al. (2003). The 1556, 1754 and 1894
earthquakes are associated with the Cinarcik (S4)
segment, with an observed mean frequency of
170 years and a modeled ~ 250 year interevent time
(Parsons, 2004). The 1754 and 1894 ruptures on
Cinarcik are compatible with the most plausible
scenario of rupturing by PoNDARD et al. (2007). The
1509 and the May 1766 earthquakes appear to have
broken the same fault segment according to PARSONS
(2004), our fault segment N. Marmara (S5), giving an
observed mean interevent time of 257 years and a
calculated one of 270 years. The May 1766 rupture
agrees with PoNDARD et al. (2007) scenario, while
KLINGER et al. (2003) assigned this event to the Izmit
segment. Observations on the Ganos fault (542, 824,
1354, 1509, 1766 and 1912) support an average
return period of about 275 years (ROCKWELL et al.,
2001). Parsons (2004) gives a calculated mean in-
terevent time of 207 years. The most conservative
interpretation of the trench stratigraphy and faulting
evidence suggests that at least one palaecoearthquake
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(most probably two) occurred after A.D. 1693 on the
1967 Mudurnu (S11) segment (PALYVOS et al., 2007).
For the Yenice (S17) fault Kurcer et al. (2008)
estimated a recurrence interval of 660 £ 160 years
for large morphotectonic earthquakes, creating linear
surface ruptures.

The paleoseismological observations were com-
bined with information from the historical catalogs
mentioned above, for events of 6.5 <M < 7.0. In
cases where only one or two events were reported for
a particular fault segment, interevent times equal to
500 years and o« = 0.5 were assumed. This later
value is in accordance with previous investigations
in the area (STEIN et al., 1997; ErpiK et al., 2004,
Parsons, 2004).

The incorporation of calculated stress changes in
conditional probabilities calculations needs the
treatment of a stress change as an advance or delay in
the earthquake cycle. A sudden stress change should
be equivalent to a sudden shift in the time, T, to the
next earthquake. The ‘life clock’ of the fault of
interest can be estimated as:
ACFF

T

T = , (12)
where ACFF is the stress change due to the coseismic
stress changes by the nearby events and 7 is the
tectonic stressing rate (in bars/year). Therefore, for
the calculation of the conditional probability for the
fault of interest an adjusted time by the clock change
is taken into account:

t1+At - f+T)dt
Py = T)

A+ T)de (13)

Stressing rates were calculated for each fault
segment from the yearly slip rate and the use of the
same dislocation program as for static stress change
calculations. The T values are displayed in Table 5
and are in agreement with those from STEIN et al.
(1997) who estimated a value of 0.15 bar/year along
most of the NAF system. The ACFF value on each
fault segment was achieved by extending the calcu-
lations of the accumulated static stress changes due to
the coseismic slip of the modeled events up to 2009.
Since uncertainties are involved in these estimations
and because stress change is spatially variable, we

Stress Transfer and Time-dependent Probability 1039

considered three different values, i.e. the minimum,
maximum and average calculated ACFF values
(Table 5), and consequently three different clock
change values.

The next step was to estimate the rate-state tran-
sient effect that describes an expected enhanced rate
of earthquake nucleation resulting from a stress
increase and which can be expressed as a probability.
For a stress decrease the rate of nucleation declines
and eventually recovers. The time-dependent seis-
micity rate R(f) after a stress perturbation is equal to
(DIETERICH, 1994):

[exp(—ACFF /Ac) — 1] exp[—t/t,] + 1’
(14)

R(t) =

where r is the steady state seismicity rate, ACFF is
the stress step, ¢ is normal stress, A is a fault con-
stitutive constant, f, is the observed aftershock
duration. The transient change in the expected
earthquake rate R(¢) after a stress step can be related
to the probability of an earthquake of a given size
over the time interval At (we use 30 years for these
computations) through a non stationary Poisson pro-
cess as (DIETeErICH and KILGORE, 1996):

P(t,At) = 1 —exp {— /AtR(t)dt}
— 1 expl=N(1)], (15)

where N(¢) is the expected number of earthquakes in
the interval At and is equal to:

exp(—ACEEY _ 1] exp | =41
N(’)—'},{At-ﬁ—txln|:l+[ (=75 1} p{ 1, }:|}

exp(=35)

(16)

where r, is the expected rate of earthquakes and is
equal to (Topa et al., 1998):

= —iln[l _p] (17)

Note that the transient effect disappears if
ACFF = 0, that is N = r,-At. We set the aftershock
duration equal to 10% of the minimum interevent
time, according to DIETERICH (1994). Thus, for the
area of the North Anatolian fault 7, = 25 year,
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considering a minimum return period of 250 years.
For the same area a regional aftershock decay time
for M > 6.7 earthquakes was found to be ~ 35 years
by Parsons ef al. (2000). As this duration is inversely
proportional to the presumed fault stressing rate
(DIETERICH, 1994) a value of ¢, = 50 year was set for
the remainder of our study area. This is also in
accordance with the longer observed interevent times
(~500 years). Knowing the parameters t, and ACFF
and using the equation (DIETERICH, 1994):

_Aa

T

Iy (18)
we calculated the Ag. In summary, the net probability
of events rupturing each fault segment combines both
the permanent and transient effects of a stress step.
Net probability is obtained by first computing the
permanent effect of a stress change on the conditional
probability using the approach of Eq. 13. Then the
expected rate of earthquakes, r,, for the permanent
effect is obtained using Eq. 17 to evaluate Egs. 15,
16 for the net probability. The conditional probability
after the stress step (minimum, maximum and aver-
age) for the permanent effect and both the transient
and permanent effects is displayed in Table 5.

The affect of the stress step in the probability
estimates becomes more evident in the cases in which
the fault segment has recently failed (the cases of
Izmit and Duzce segments) and where a fault seg-
ment is located along strike with a previously failed
segment, resulting in the positive static stress changes
on the first segments. In these cases the differences
between the probability estimates before and after the
stress step are significant and must be included in any
assessment for the future seismic hazard. As can be
observed from Table 5, the fault segments adjacent to
previous ruptures (segments S4, S5, S9, S15, S18,
S37, S53) exhibit high estimates of time dependent
probabilities, which are appreciably larger than the
estimates before the stress step was considered.

8. Discussion

The present study is an effort to interpret the
occurrences of strong (M > 6.5) earthquakes in the
area of western Turkey and the eastern Aegean Sea
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and to evaluate the future seismic hazard. The
methodology applied is based on a model assuming
the fault interaction that led to the triggering of one
event by previous ones and explains the probable
mechanism of their occurrence in space and time. The
stress interactions of 22 strong earthquakes
(M > 6.5) that occurred since 1904 in the study area
have been investigated by calculating Coulomb Stress
changes (ACFF). We constructed a model of the
evolution of stress for the time interval of 1904-2008
in order to examine if the history of cumulative
changes in stress can explain the spatial and temporal
occurrence of strong (M > 6.5) earthquakes in the
region. Tectonic stress loading is simulated by
introducing a negative virtual slip on major fault
segments. From this study and from previous inves-
tigations, it has become clear that changes in
Coulomb stress are associated with areas where
future events are likely to occur. Thus, regions of
increased stress must be considered as subject to
greater hazard than anywhere else.

When considering the accumulated stress changes
our calculations indicate that the Coulomb stress
evolution model can successfully explain the location
of strong earthquakes in the study area. Stress loading
on the eastern Aegean, North Anatolian and the rest
of western Turkey fault segments transform the stress
acting on strike-slip and normal faults. The model
satisfies our expectations in explaining the locations
of the vast majority of the modeled events that are
located in stress-enhanced regions, meaning that each
earthquake seems to encourage the failure in the
adjacent regions. For example, the calculated static
stress changes following the 1912 Ganos (M,, = 7.4)
earthquake encouraged the failure at the site of the
1975 Saros event (M,, = 6.6), as these two events are
associated with nearby fault segments (S7 and S9,
respectively) of the same dextral strike-slip faulting
type. Similar evidence is presented from the 1957
Abant (M,, = 7.0) for the 1967 Mudurnu (M,, = 7.2)
event (S11 and S10 segments, respectively), from the
1999 Izmit (M, = 7.4) for the 1999 Diizce
(M,, = 7.2) event (S3 and S1 segments, respectively),
from the 1944 Ayvacik (M,, = 6.8) oblique faulting
earthquake for the 1953 Yenice (M,, = 7.2) dextral
strike-slip event (S17 and S16 segments, respec-
tively), from the 1919 Soma (M,, = 6.9) for the 1939
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Dikili (M,, = 6.6) earthquake, from the 1970 Gediz
doublet (both of M,, = 7.1 on adjacent segments S20
and S19) and from the 1904 Samos (M,, = 6.8) for
the 1955 Agathonisi (M,, = 6.9) earthquakes (S40
and S38 segments, respectively). It became evident
that 12 out of 22 strong events occurred in nearby or
adjacent fault segments, which means that the
occurrence time of the subsequent ones most proba-
bly advanced, since the respective causative faults
received positive values of static stress changes due
to the coseismic slip of the preceding earthquakes.

The choice of the pore pressure model signifi-
cantly influences the calculations of Coulomb stress
changes caused by a shear dislocation in an elastic
isotropic half-space (BEELER et al., 2000; Cocco and
Ricg, 2002). For this reason we performed our cal-
culations by considering different values of normal
stress components instead of choosing a value of
apparent coefficient of friction and equality among
these components. We investigated the effect of the
fluid pore pressure in the modelling by considering
different values for Skempton’s coefficient (B = 0.2,
B = 0.5 and B = 0.9). Differences are observed on a
small scale and in particular close to the tips of the
faults that failed. This investigation was accom-
plished for different faulting types in an attempt to
examine if the current state of stress as derived from
our evolutionary model, explains the location of the
smaller events that occurred after 1999, when the last
strong earthquake occurred. The results are encour-
aging because the majority of these events are located
inside stress enhanced areas.

It is important to determine the hazardous seg-
ments that might generate an impeding earthquake.
According to these results the fault segments of North
Sea of Marmara (segments S4, S5 and S6), the
smaller fault segment in Saros Gulf (S8), the Bursa
segments (S12 and S13) and the Yenicel segment
(S15), on the NAF branches, have received positive
static stress changes from the failure of adjacent fault
segments in addition to the continuous tectonic
loading. Some of the probable sites found in this
study, namely the segments along the northern part of
Marmara Sea and Saros Gulf, were also identified by
previous investigations (STEIN et al., 1997; NALBANT
et al., 1998; PapapivMiTRiou and Sykes, 2001) as
contestant regions for the occurrence of a future
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strong earthquake. Several of the normal fault seg-
ments in the central part of the study area are
currently in stress enhanced areas. It is worth noting
here that although a large area is presented as con-
tinuously loading, we have to focus our attention only
at the sites of the active faults.

With respect to probability estimations, the first
remarkable result is that for most of the segments the
renewal model based on the lognormal distribution
predicts conditional probabilities of failure of these
segments for the next 30 years, that are differentiated
from those based on the Poisson model ranging
between 3 and 23% (Table 5). These results agree
with previous investigations, especially at the Mar-
mara and Izmit region (STEIN et al., 1997; PARSONS,
2004), although the first authors found larger values
with the Poisson model. For the conditional proba-
bilities estimations we used mean interevent time
equal to 500 years for some fault segments, because
reliable historical information was not available. In
the cases where the Poissonian probabilities are larger
than the conditional ones for some fault segments, the
time elapsed since the last event of M > 6.5 is
shorter than the estimated mean interevent time (see
Table 5). The uncertainties involved in these esti-
mates concern the mean interevent time and the
corresponding standard deviation, the aftershock
duration (¢,) and the value of Ag (we calculate the Ao
value using Eq. 18 considering that ¢, is known from
previous investigations).

The ACFF values, calculated according to the
faulting type of each fault segment, where incorpo-
rated into the probability estimates, as the permanent
stress effects and both the permanent and transient
effects. For this purpose we considered minimum,
maximum and average values of ACFF, as well as the
minimum, maximum and average values of clock
advanced or delay (Eq. 12). It is interesting to note
that these values affect the estimated probabilities, by
increasing them in comparison with Poissonian
and conditional probability estimates when positive
values of ACFF were found on a certain fault
segment, or decreasing them in the cases of negative
corresponding ACFF values. For example, in the
Izmit fault segment, the ACFF effect decreases
substantially the conditional probabilities (by a factor
of 107).



1042 P. M. Paradisopoulou et al.

The stress transfer between adjacent fault seg-
ments considerably influences the probability
estimates. For certain fault segments the differences
between Poissonian and conditional estimates before
the stress step are significantly different than those
incorporated the stress step, and worthy of mention
for future seismic hazard assessment. For the fault
segments along the north Marmara Sea (S4 and S5)
the Poissonian probabilities are found equal to 10%
and 19%, respectively, while the corresponding time
dependent ones are equal to 52 and 37%. The oppo-
site but also significant consequence of the ACFF
effect is observed for the Izmit (S3) and Duzce (S1)
segments last ruptured in 1999, yielding a 30-year
Poisson probability of 5% and 10%, respectively,
whereas the time-dependent probabilities on these
segments are ~0%. These findings agree with PAr-
SONS (2004). The ACFF effect resulted in high
probability estimates for normal fault segments being
along strike with previous ruptures, in the central and
southern part of the study area.
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Appendix: Events (M > 6.5) Included in the Stress
Evolutionary Model

1904, Samos earthquake (M,, = 6.8): A rupture
length equal to 46 km (PapazacHos and PapazacHou,
2003) and an average displacement of 1.2 m estimated
from relation (4) were considered for this oblique
normal faulting event (strike = 91°, dip = 45°,
rake = —115°) for calculating the Coulomb stress
changes due to its coseismic displacement.

1912, Ganos (Murefte) earthquake (M,, = 7.4):
This earthquake occurred between the Gulf of Saros
and the Sea of Marmara at the western part of the
North Anatolian Fault. The main earthquake was
followed by two aftershocks, the first one (M = 6.2)
on August 10 and the second (M = 6.7) on Septem-
ber 13 at the SE of the main shock (PapazacHos and
Papazachou, 2003). Maps, reports and photographs
taken just after the earthquake are available (Maco-
veEl, 1912; Minaovic, 1927, 1933). Surface
expressions on the 50-km-long strike-slip fault were
observed with ENE direction linking the Marmara
and the Saros fault systems (ATEs and TaBBAN, 1976;
Barka 1992). The surface rupture pattern was com-
plex with a substantial right-lateral strike-slip
component (up to 3 m) (AMBRASEYs and FINKEL,
1987). NALBANT et al. (1998) modeled this event with
a rupture length of 90 km extended the rupture seen
on land by 15 km to the east and 25 km to the west.
Papabpmvitriou and Sykes (2001) use 110 km length
and 3.32 m slip derived from scaling laws. In the
present study a rupture equal to 116 km and an
average slip of 2.8 m were estimated from Eqs. 5 to
6, respectively.

1914, Burdur earthquake (M,, = 7.0): This event
occurred near the Burdur Lake and is associated with
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a 52-km-long normal fault (strike = 230°, dip = 35°,
rake = —105°) dipping to NW (PapazacHos and
Papazacnou, 2003), with a calculated mean dis-
placement of 1.66 m (Eq. 4).

1919, Soma earthquake (M,, = 6.9): This earth-
quake occurred at Bakircay Graben (strike = 253,
dip = 45, rake = —115, TAYMAZ et al., 1991b) on a
segment adjacent to the 1939 rupture. A 43-km-fault
length was estimated from relation (3) and a mean
displacement of 0.63 m from the event’s scalar
moment.

1928, Torbali earthquake (M,, = 6.5): This
earthquake caused considerable damage in Torbali,
Izmir and Kiiciik Menderes Graben (PapazacHos and
Parazacnou, 2003). It is associated with a normal
fault (strike = 83°, dip = 45°, rake = —94°) with
25-km length and a mean displacement of 0.72 m
calculated by using Egs. 3 and 4.

1933, Kos earthquake (M,, = 6.6): This earth-
quake is associated with a fault segment almost
parallel to the south coastline of the Kos Island
(strike = 65°, dip = 50°, rake = —90°). An average
displacement of 0.85 m and a fault length equal
to 28 km were estimated using Eqgs. 4 and 5,
respectively.

1939, Dikili earthquake (M,, = 6.6): The Dikili
earthquake occurred near the coastal Aegean area
south of the Edremit Gulf. The isoseismal maps indi-
cate that this event was located at the western extremity
of the Bakircay Graben, a normal fault zone (ARPAT and
BingoL, 1969; WEsTawAy, 1990). The event is associ-
ated with a NE-SW trending normal faulting dipping
to the north (strike = 211°, dip = 45°, rake =
—115°). An estimated coseismic displacement of
0.85 mand arupture length of 26 km were assigned for
this event, from Eqs. 4 and 3, respectively.

1944, Ayvacik earthquake (M, = 6.8): The
earthquake occurred near the Edremit Gulf, where the
southern branch of the North Anatolian Fault reaches
the Aegean Sea through the Edremit Gulf
(strike = 74°, dip = 46°, rake = —114° after Tay-
MAZ et al., 1991b). A fault length equal to 35 km and
an average displacement equal to 1.4 m were esti-
mated from Egs. 3 and 4, respectively.

1949, Chios earthquake (M,, = 6.7): This earth-
quake occurred to the north of Chios Island,
associated with normal faulting (strike = 84°,
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dip = 36°, rake = —80°) with an estimated fault
length of 31 km, from scaling law (3), and a mean
coseismic displacement equal to 1.03 m (Eq. 4).

1953, Yenice earthquake (M,, = 7.2): The Yenice
earthquake occurred between the Sea of Marmara to
the north and the Edremit Gulf to the south. The
rupture took place at the southern branch of NAF
over 60 km (PiNAR, 1952; AmBRraseys, 1970). The
earthquake focal mechanism parameters (McKENZIE,
1972; TaYMAZ et al., 1991a) indicate pure southwest—
northeast trending right-lateral strike-slip faulting
(strike = 250°, dip = 70°, rake = —160°). The slip
reaches 3.5 m in the eastern part and diminishes to
1.5 m at both ends (Kerin and RogsLi, 1953;
AMBRASEYS, 1970). NALBANT et al. (1998) modeled
this event using the observed slip distribution and the
geometry (length of 60 km) of the mapped surface
rupture. Based on the above information the fault
length is taken equal to 60 km and the mean dis-
placement, derived from the event’s scalar moment,
is equal to 3.78 m.

1955, Agathonisi earthquake (M,, = 6.9): The
earthquake occurred in the Biiyiikk Menderes graben,
near Agathonisi Island. The focal mechanism
(McKenzig, 1972) shows NE-SW normal faulting
(strike = 55°, dip = 51°, rake = —113°). We have
modeled this event using a 38-km-fault length
with a mean displacement of 1.19 m (Egs. 3, 4,
respectively).

1956, Amorgos earthquake (M,, = 7.7): This is
the strongest event that occurred in the backarc
Aegean area during the instrumental era. It occurred
on an ENE-trending normal fault that is seated par-
allel to the Island’s southern coastline and was
followed by a strong event in an adjacent fault to its
southwest, which most probably was triggered by the
first occurrence. Its fault plane solution (strike = 65°,
dip = 40°, rake = —90°) was determined by SHI-
ROKOVA (1972). A fault length of 75 km, in
accordance with the submarine topography, and a
mean displacement of 5.30 m, were estimated for this
large earthquake from Eqs. 3 and 4, respectively.

1957, Rhodes earthquake (M,, = 7.2): A preshock
(M = 6.8) took place before the main earthquake
(M = 7.2) near the Rhodes Island and many after-
shocks followed, from which the largest one
registered magnitude M = 6.1 (PapazacHos and
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Papazacnou, 2003). The main shock is associated
with a left-lateral strike-slip faulting with a NE-SW
strike direction (strike = 30°, dip = 80°, rake =
—41°). The fault length is estimated equal to 67 km
from Eq. 5 and the mean displacement equal to
1.34 m from Eq. 6.

1957, Abant earthquake (M,, = 7.0): The Abant
event occurred on the North Anatolian fault at the
eastern part of the study area. The 40-km-long sur-
face faulting was mapped by AMBRASEYS (1970). The
focal mechanism (McKEnzig, 1972; TAaymAZ et al.,
1991a) indicates strike-slip faulting (strike = 265°,
dip = 78°, rake = 179°). The slip is not well con-
strained, being measured at only two localities (1.4
and 1.6 m). Taking into account the morphology, a
fault length of 40 km was estimated from Eq. 5 in
accordance with the morphology, and a mean dis-
placement of 1.47 was calculated from (6), in good
agreement with the reported values.

1964, Manyas earthquake (M, = 6.9): The
Manyas earthquake occurred at the south of the Sea
of Marmara in the southern branch of NAF between
the Lakes Manyas and Uluabat. The focal mechanism
(strike = 280°, dip = 45°, rake = —90°) (Taymaz
et al., 1991b) indicates a WNW-ESE normal faulting
although strike-slip faulting prevails in this part of
our study area. The 40-km surface normal faulting
(NALBANT et al., 1998) (en echelon surface rupture
and fissuring over a wide zone) was interpreted as
resulting from the right-lateral strike-slip motion
(ErentOz and KurTMAN, 1965; KETIN, 1966). A 35-
km-long WNW-ESE normal fault dipping to the
north is considered here with a mean displacement of
1.4 m (Eq. 6).

1967, Mudurnu earthquake (M,, = 7.2): The
Mudurnu earthquake occurred on the NAF at the
easternmost part of the Sea of Marmara, Mudurnu
Valley, and extended towards the west. Its fault plane
solution (strike = 275°, dip = 45°, rake = —178°)
based on teleseismic body-waveform (P- and SH-)
inversion (TAYMAZ et al., 1991a) shows a E-W dex-
tral strike-slip faulting mechanism. A large
aftershock (July 30, 1967, m; = 5.6) occurred at its
western extremity with NW-SE striking and normal
fault plane solution (STEwART and Kanamori, 1982;
McKEenNzig, 1972; JacksoN and McKEenzig, 1984). This
illustrates the change on the NAF in this area between
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strike—slip motion to the east and normal and strike—
slip motion on several branches to the west. NALBANT
et al. (1998) used detailed maps of the 80-km-long
surface rupture and the fault slip distribution for the
event modeling (AMBRASEYS and ZATOPEK, 1969;
GucLU, 1969) which is greatest, 2.5 m, in the east and
decreases steadily to the west. A fault length of
80 km is taken and a calculated mean displacement
from Eq. 6, equal to 2.02 m.

1969, Alasehir earthquake (M,, = 6.6): The
Alagehir earthquake occurred in the Gediz River Val-
ley, associated with about 30—36 km of surface rupture
and extending from NW through Alasehir to SE
(AMBRASEYS and TcHALENKO, 1972). The strike of the
surface varied from N85°W in the NW to N50°W in the
SE (KeriN and ABDUSSSELAMOGLU 1969). Displace-
ments at the surface measured an average of about
20 cm. The fault plane solution of the main earthquake
shows a normal faulting with a dip of 32°NNE and a
strike of N79°W, consistent with the strike observed at
the NW end of surface ruptures (EyipoGan and JAck-
soN, 1985; BrauNMILLER and NABELEK, 1996). We
model this event using the reported fault plane solution
of EvymoGan and Jackson (1985) (strike = 281°,
dip = 34°, rake = —90°) as a normal fault with a
length of 25 km, estimated from the Eqs. 3, and amean
displacement of 0.61 m, from Eq. 4.

1970, Gediz earthquakes (M,, = 7.1): About
45 km of complicated surface normal faulting was
associated with this earthquake, trending both NNW-—
SSE and E-W down thrown to the east and north
(AmBRrRASEYS and TcHaLENKO, 1972). The aftershock
sequence defined a 40-km-wide, 200-km-long, E-W
zone (AMBRASEYS and TcHALENKO, 1972). The
observed seismograms show complexity and were
modeled using three main subevents (EyipoGan and
Jackson, 1985). The first subevent occurred on a 15-
km-long NNW-SSE segment with a mean displace-
ment of 1.6 m and a dip of 35°. The second subevent,
of the same magnitude (M, 7.1), triggered by the first
shock and ruptured about the 24-km-long E-W seg-
ment with a mean displacement of 2.4 m and a dip pf
35°. The third subevent, much smaller in magnitude
(M 5.7), occurred on a ~ 15° dipping fault extending
the second fault segment from 12.5 to 17.5 km depth
(EymoGaN and JacksoN, 1985). We modeled this
event as comprising the two major subevents.
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1975, Saros earthquake (M,, = 6.6): The Saros
segment is located in the prolongation of the Ganos
(Gazikdy) fault zone at the western part of the North
Anatolian Fault, where the 1975 earthquake occurred.
It is an oblique right-lateral strike-slip fault as the
focal mechanism indicates (strike = 68°, dip = 55°,
rake = —145°) (Taymaz et al., 1991a) with ENE-
WSW strike consistent with the orientation of NAF at
this particular location. The rupture length is taken
equal to 40 km and the mean displacement equal to
0.86 m from Egs. 5 and 6, respectively.

1999 Izmit (Kocaeli) earthquake (M,, = 7.4): The
Izmit earthquake, one of the most destructive earth-
quakes in Turkey, occurred at the western part of
NAF. About 115 km of surface strike-slip faulting
was associated with its occurrence, trending E-W
from Sapanca—Akyazi at the east to Hersek Delta to
the west (BARKA et al., 2002). A rupture constituted
from four segments (with lengths equal to 35, 20, 26
and 35 km, going from west to east) is considered for
modeling this event, according to BARKA et al.
(2002). Details of the geometry and coseismic slip of
each segment are given in Table 2.

1999 Duizce earthquake (M,, = 7.2): This event
occurred in Bolii basin, in the adjacent fault segment
associated with the previous Izmit earthquake and
with in <3 months afterwards. The fault length is
about 40-56 km long (KiraTtz1 and Louvari, 2001;
AkYUZ et al., 2002; AypiN and KarLarat, 2002) and
the focal mechanism indicates a right-lateral strike-
slip faulting with E-W strike and dip to the north
(strike = 262°, dip = 53°, rake = —177°). We
model this event according to KiraTzi and Louvari
(2001), who suggested a fault length of 56 km and a
mean displacement of 2.60 m.
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