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Abstract In 1999, the eastern coastline of the Marmara region (Turkey) witnessed
increased seismic activity on the North Anatolian fault (NAF) system with two dam-
aging earthquakes (M 7.4 Kocaeli and M 7.2 Düzce) that occurred almost three
months apart. These events have reduced stress on the western segment of the NAF
where it continues under the Marmara Sea. The undersea fault segments have been
recently explored using bathymetric and reflection surveys. These recent findings
helped scientists to understand the seismotectonic environment of the Marmara basin,
which has remained a perplexing tectonic domain. On the basis of collected new data,
seismic hazard of the Marmara region is reassessed using a probabilistic approach.
Two different earthquake source models: (1) the smoothed-gridded seismicity model
and (2) fault model and alternate magnitude-frequency relations, Gutenberg–Richter
and characteristic, were used with local and imported ground-motion-prediction
equations. Regional exposure is computed and quantified on a set of hazard maps
that provide peak horizontal ground acceleration (PGA) and spectral acceleration
at 0.2 and 1.0 sec on uniform firm-rock site condition (760 m=sec average shear wave
velocity in the upper 30 m). These acceleration levels were computed for ground mo-
tions having 2% and 10% probabilities of exceedance in 50 yr, corresponding to return
periods of about 2475 and 475 yr, respectively. The maximum PGA computed (at rock
site) is 1.5g along the fault segments of the NAF zone extending into the Marmara Sea.
The new maps generally show 10% to 15% increase for PGA, 0.2 and 1.0 sec spectral
acceleration values across much of Marmara compared to previous regional hazard
maps. Hazard curves and smooth design spectra for three site conditions: rock, soil,
and soft-soil are provided for the Istanbul metropolitan area as possible tools in future
risk estimates.

Introduction

The Marmara region houses one-third of Turkey’s popu-
lation and is one of the most tectonically active regions in
Eurasia. In the last century, this region (Fig. 1) experienced
unusual seismic activity with nine strong events havingM ≥
7:0 (M � moment magnitude). In 1999, two destructive
earthquakes (Kocaeli and Düzce) occurred in the eastern part
of the Marmara region on the North Anatolian fault (NAF)
system. This strike-slip fault system cuts across northern
Turkey for more than 1200 km and accommodates
∼25 mm=yr right-lateral slip between the Anatolian and
Eurasian plates (Straub et al. 1997; McClusky et al. 2000).
Since 1939, the NAF system has produced nine large earth-
quakes in a consistently westward-propagating sequence
(Fig. 2); the only exception is the most recent large earth-
quake (Düzce) that occurred east of the second most-recent
earthquake (Kocaeli). This pattern of earthquake propagation
was recognized long ago (Ketin, 1969; Ambraseys, 1970;
Barka, 1992; Stein et al., 1997).

The Kocaeli earthquake (M 7.4) is the most recent event
that occurred on the south of the eastern border of the

Istanbul province, which is located in the heart of the Mar-
mara region. Today, this most-populated city in Europe is
under threat of much publicized forecasted earthquakes.
Two fault systems located south and southeast of Istanbul
(the Yalova fault segment and the northern boundary fault)
have the potential to rupture (Parsons et al., 2000; Hubert–
Ferrari et al., 2000). Based on a renewal model, the probabil-
ity of occurrence of M 7.0 and greater earthquakes in the
Marmara region that could directly influence the Istanbul
metropolitan area was computed as 44� 18% in the next
30 yr (Parsons, 2004). As implied by the level of seismic
risk, critical assessment of the regional seismic hazard is
of paramount importance to facilitate and support a wide
range of earthquake engineering applications.

The current regulatory seismic zoning map of Turkey,
including the Marmara region, was developed using a Bayes-
ian estimation based on then available earthquake catalog
and ground-motion-prediction equations (GMPEs) originally
developed from western U.S. ground motion data (Gülkan
et al., 1993). This choice was dictated by the paucity of
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strong-motion records in the country at the time. In the past
15 yr, a number of strong-motion records have been recorded
in Turkey, mainly from the 1999 Kocaeli M 7.4 and Duzce
M 7.2 events, and hence, prompted development of national
GMPEs (e.g., Gülkan and Kalkan, 2002; Kalkan and Gülkan,
2004; Ulusay et al., 2004). In addition, tracing of new fault
segments beneath the Marmara Sea has helped better under-
standing of the seismotectonic environment of the Marmara
basin (Le Pichon et al., 2001; Armijo et al., 2002; Le Pichon
et al., 2003; Armijo et al., 2005).

Seismic hazard of the Marmara region has been studied
previously (Atakan et al., 2002; Erdik et al., 2004). These
studies are based on broadly described fault segments under
the Marmara Sea and nonindigenous GMPEs from the 1990s.
In our study, the regional seismic hazard is reassessed by
considering detailed submarine faults and using the latest

generation of GMPEs. The next generation of attenuation
(NGA) relations (Boore and Atkinson, 2008; Campbell and
Bozorgnia, 2008; Chiou and Youngs, 2008) are used in ad-
dition to the GMPE of Kalkan and Gülkan, developed based
on data from shallow crustal tectonic environment of Turkey.
The weight assigned to the local GMPE is set equal to total
weight of the NGA relations.

In computing the probabilistic seismic hazard,we include
two different earthquake source models: (1) smoothed-
gridded seismicity model and (2) fault model, similar to those
used in the development of the 2008 USGS National Seismic
Hazard Maps (Petersen et al. 2008). The first model assumes
that historical large earthquakes have in general taken place
in locations where epicenters of smaller earthquakes have ac-
cumulated (Kafka and Walcott, 1998; Kafka, 2002). This
model is based on the earthquake catalog and characterizes

Figure 1. Seismicity of the Marmara region based on M ≥6:0 events (A.D. 1509–1999). The numbers of earthquakes are given in
parentheses. Faults-1* type faults were recently visualized using bathymetric images and seismic reflection surveys (Le Pichon et al.,
2001; Armijo et al., 2002; Le Pichon et al., 2003; Armijo et al., 2005) and Faults-2** type faults are previously known faults (Saroglu
et al., 1992); see Table 1 for epicenter coordinates, magnitudes, and depths of earthquakes.

Figure 2. Westward propagating sequence of earthquakes on the North Anatolian fault system since 1939.
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the hazard fromearthquakesbetweenM 4.0 and6.5.The faults
contribute to the hazard for earthquakes larger thanM 6.5. The
hazard calculation is the sum of the smoothed-gridded seis-
micity model (forM ≤6:5) and the fault model (forM ≤6:5).

Seismic hazard of Marmara is computed and projected
on a set of hazard maps. These hazard maps show the PGA
and spectral accelerations (SA) at 0.2 and 1.0 sec on uniform
firm-rock site condition (VS30 � 760 m=sec). In the interest
of completeness, site amplification maps are also provided to
estimate the ground motion at stiff-soil (VS30 � 360 m=sec)
and soft-soil (VS30 � 180 m=sec) sites. These acceleration
levels were computed for 2% and 10% probabilities of ex-
ceedance in 50 yr corresponding to return periods of about
2475 and 475 yr, respectively. The seismic hazard exposures
in the vicinity of Istanbul metropolitan area are also exam-
ined, and a series of hazard curves and smooth design spectra
for three site categories are provided.

Regional Tectonic Setting

For the purpose of this study, the Marmara region is de-
fined as the rectangular area bounded by latitudes 39°–43° N
and longitudes of 26°–32° E. The area is one of the most
tectonically active regions of Turkey as evidenced by the
number of large earthquakes (M ≥6:0) that have occurred
between 1509 and 1999 (Fig. 1). Many of these events were
M ≥7:0 and generated on or in proximity of the NAF system.
Moderate to large earthquakes with M ≥6:0 have also oc-
curred on fault segments situated well away from the NAF.
Figure 3 depicts the distribution of all distinct events with
M ≥4:0 that occurred in the period 1901–2004. The figure
also shows the breakdown of the number of earthquakes
within each magnitude interval.

The Marmara region has a complex and heterogeneous
fault system as shown in Figure 4. The 1200 km long NAF
fault system extends from the east of the region toward the
Bay of Izmit. In the east at the junction of the Marmara Sea,
the NAF system is controlled by right-lateral strike-slip
faults, while the plate boundary changes into a transtensional
system that has opened a deep-basin below the Marmara Sea
(Okay et al., 2000). There is no evidence of a single, con-
tinuous, purely strike-slip fault under the Marmara Sea, but
there is a complex segmented fault system with large normal
components. This fault system has been identified from seis-
mic reflection surveys (Smith et al., 1995; Parke et al.,
1999). In the past a series of strong earthquakes has ruptured
the NAF zone in this region. Kocaeli and Düzce were the lat-
est events in a westward-propagating earthquake sequence
that began with the M 7.9 Erzincan earthquake in 1939
on this fault system. This progression has since generated
nine M ≥7 earthquakes. When the 1912 event that occurred
in the west of the Marmara Sea is taken into account, a seis-
mic gap that has not ruptured for more than 200 yr is iden-
tified (Fig. 2). This crosses close to the northern shoreline of
the Marmara Sea (Barka, 1992; Stein et al., 1997). This seis-
mic gap is around 150–160 km long and possesses the po-
tential to generate anM ≥7 earthquake (Hubert-Ferrari et al.
2000). Coulomb stress calculations indicate that shear stress
increased in the aftermath of the 1999 Kocaeli earthquake on
the fault segments below the sea, which may indicate their
likely impact on the rupture potential (Parsons et al., 2000).

The measured slip vectors in the Anatolian plate with
respect to the stable Eurasian plate exhibit a generally antic-
lockwise rotation and an increase in total displacement to-
ward the west caused by the increasing westward pull of
the Hellenic subduction system located southwest of Turkey

Figure 3. Seismicity of the Marmara region during the 103 years between 1901 and 2004. The numbers of earthquakes are given in
parentheses.
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(McClusky et al., 2000). This dynamic structure pushes
the Marmara region in a northerly path. The NAF system
within the Marmara region can account for 22� 3 mm=yr
right-lateral slip (Straub et al., 1997; McClusky et al., 2000).
On the basis of Le Pichon et al. (2001), we assigned
23 mm=yr slip-rate to major faults below the Marmara Sea;
for the rest of the fault segments, the slip-rate distribution
from Global Positioning System (GPS) measurements given
in Straub et al. (1997) were used. The slip-rate distributions
assigned to fault segments agree with tectonic (Barka and
Kadinsky–Cade, 1988; McClusky et al., 2000; Yaltirak,
2002; Seeber et al., 2004; Aksoy et al., 2006; Motagh et al.,
2007) and kinematic simulation-based (Pulido et al., 2004)
studies.

General Methodology

Based on our current state of knowledge about the seis-
micity and tectonic environment of the Marmara basin,
regional probabilistic seismic hazard analysis (PSHA) is per-
formed using two different classes of earthquake source
models: (1) a smoothed-gridded seismicity model and (2) a
faultmodel. The firstmodel is based on the earthquake catalog
and characterizes the hazard from earthquakes betweenM 4.0
and 6.5. The faults contribute to the hazard for earthquakes
larger than M 6.5. As a recurrence forecasting process, the
Poisson equation (time independent) is used to estimate the
probability of exceedance over finite time interval.

Earthquake Catalog

The earthquake catalog includes events from historical
and instrumental seismicity. The magnitude, epicenter coor-
dinates, and depth of all events with M ≥6:0 are listed in
Table 1 (M ≥7:0 events are in bold type). These events were

compiled from different sources (see Data and Resources
section) that use different intensity scales: (1) Earthquake
Research Department, General Directorate of Disaster Affair
of Turkey; (2) Kandilli Observatory, Boğaziçi University;
(3) International Seismological Centre of UK; and (4) the
U.S. Geological Survey. Magnitude scales of all events were
converted to moment magnitude (M) through a set of empiri-
cal equations derived based on Turkish earthquakes (Yenier
et al., 2008). These equations are listed in descending order
of priority of the scales selected to convert to M.

M � 0:571Ms � 2:484; 3:0 ≤ Ms <5:5 (1a)

M � 0:817Ms � 1:176; 5:5 ≤ Ms ≤7:7 (1b)

M � 0:953ML � 0:422; 3:9 ≤ ML ≤6:8 (1c)

M � 0:764Md � 1:379; 3:7 ≤ Md ≤6:0 (1d)

M � 1:104mb � 0:194; 3:5 ≤ mb ≤6:3 (1e)

In compiling the catalog of events, fore- and aftershocks
were removed using the declustering methodology (Gardner
and Knopoff, 1974); this simple algorithm requires no tuning
parameters, thus the results are easily reproducible. In addi-
tion, events before 1901 were excluded due to catalog incom-
pleteness. For the 103 yr time period between 1901 and

Figure 4. Active faults in the Marmara region (NAF).
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2004, the catalog completeness was tested by plotting the
cumulative number of events against time (Al-Tarazi and
Sandvol, 2007); Figure 5 depicts the distribution of all dis-
tinct events betweenM 4.0–5.0 andM 5.0–6.0. When events
with magnitudes 5.0 and 6.0 are considered, these plots are
approximately linear for the 103 yr period. Similar analyses
were made for the magnitude intervals 4–5, 5–6, and 6�. We
computed completeness levels ofM 4.0 or greater since 1964
and M 5.0 or greater since 1901.

Earthquake Recurrence

For the computation of smoothed-gridded seismicity, a
catalog having discrete independent earthquakes was asso-
ciated with the Gutenberg–Richter (GR) earthquake recur-

rence relation:

log�N� � a � bM; (2)

where N is the annual number of earthquakes of magnitude
equal to or greater thanM, 10a is the mean yearly number of
earthquakes of magnitude greater than or equal to zero, and b
describes the relative likelihood of large and small earth-
quakes. As the number of larger magnitude earthquakes de-
creases compared to those of smaller magnitudes, the b-value
increases.

For the Marmara region, the 100 yr long data set is more
complete for small events than is the 2000 yr long data set
and yields b � 0:60; whereas the 2000 yr long data set re-
sults in a lower b-value and consequently assigns higher

Table 1
Marmara Region Earthquakes with M ≥6:0 (A.D. 1509–1999)

Number Year Month Day Latitude Longitude Depth (km) M*

Approximate Rupture
Length (km)† Source‡

1 1509 9 10 40.90 28.70 - 6.7 24 1
2 1556 5 10 40.60 28.00 - 6.7 24 1
3 1625 5 18 40.30 26.00 - 6.6 21 1
4 1659 2 17 40.50 26.40 - 6.7 24 1
5 1672 2 14 39.50 26.00 6.6 19 1
6 1719 5 25 40.70 29.80 - 6.8 29 1
7 1737 3 6 40.00 27.00 - 6.6 19 1
8 1766 5 22 40.80 29.00 - 6.6 21 1
9 1766 8 5 40.60 27.00 - 6.8 29 1

10 1855 2 28 40.10 28.60 - 6.6 21 1
11 1894 7 10 40.70 29.60 - 6.8 26 1
12 1905 4 15 40.20 29.00 6.6 19 4

13 1912 8 10 40.60 27.20 16 7.4 100 4
14 1919 11 18 39.20 27.40 - 7.0 44 2
15 1928 5 3 39.64 29.14 10 6.1 7 4
16 1935 1 4 40.40 27.49 30 6.7 24 4
17 1939 9 22 39.07 29.94 10 7.1 54 4
18 1939 10 19 39.07 26.94 10 6.6 19 4
19 1942 6 16 40.80 27.8 20 6 6 4
20 1943 6 20 40.85 30.51 10 6.6 19 4
21 1944 6 25 39.05 29.26 - 6.1 7 2
22 1944 10 6 39.48 26.56 40 7.0 44 4
23 1953 3 18 39.99 27.36 10 6.6 19 1
24 1956 2 20 39.89 30.49 40 6.4 13 4
25 1957 5 26 40.67 31.00 10 6.7 24 1
26 1961 11 28 40.00 26.30 - 6.0 6 4
27 1964 10 6 40.30 28.23 34 6.9 36 2
28 1966 8 21 40.33 27.40 12 6.0 6 4
29 1967 7 22 40.70 30.70 - 6.7 24 1
30 1970 3 28 39.21 29.51 18 7.1 54 2
31 1971 5 25 39.03 29.74 24 6.1 7 3
32 1975 3 27 40.42 26.14 5 6.7 24 3
33 1976 8 25 39.30 28.80 33 6.0 6 4
34 1976 9 6 39.06 29.00 11 6.6 19 4
35 1999 8 17 40.76 29.97 18 7.4 100 5
36 1999 11 12 40.74 31.21 25 7.2 66 5

*Moment magnitude values are converted from MS (as given by Aki, 1983) using equation (1c). M ≥7:0
events are in bold type.

†Based on Wells and Coppersmith (1994) empirical formulations.
‡(1) Ambraseys (2006), (2) Papazachos and Papazachou (1997), (3) U.S. Council of National Seismic

System (CNSS) Catalog, (4) Kandilli Observatory and Earthquake Research Institute, and (5) Gulkan
and Kalkan (2002).
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mean rate of transcendence for larger events (Ambraseys,
2002). A b � 0:69 for the same region considering the
100 yr long earthquake catalog with M ≥5:5 events is re-
ported by Crowley and Bommer (2006). For the entire
Marmara region, the b-value was estimated as 0.72 using
maximum likelihood method (Weichert, 1980) based on
the 103 yr catalog; this method accounts for variable
completeness. No uncertainty associated with the b-value
was considered since the single b-value calculated herein
is in good agreement with the values reported in previous
studies. Thereafter, a values were computed for each cell
and spatially smoothed over a grid of 0:05° × 0:05° in lati-
tude and longitude using two-dimensional Gaussian filters

with a decay of 50 km. Such a fine grid resulted in hazard
computations at about 9600 grid sites.

Source Models

Smoothed-Gridded Seismicity Model. The contribution of
background events to hazard is calculated using the
smoothed-gridded seismicity model (Frankel, 1995; Kafka,
2002). This model addresses the aleatoric uncertainty in the
location of future earthquakes, thus allowing spatially sta-
tionary seismicity while eliminating the subjectivity in delin-
eation of areal sources. This seismicity model requires a
declustered earthquake catalog for computation of Poisso-
nian earthquake recurrence rates. In this model, events that

100

200

300

400

500

600

700

1910 1919 1928 1937 1946 1955 1964 1973 1982 1991 2000

C
u

m
u

la
tiv

e 
N

u
m

b
er

M  4.0 - 5.0

0

20

40

60

80

1901 1910 1919 1928 1937 1946 1955 1964 1973 1982 1991 2000

Years

C
u

m
u

la
tiv

e 
N

u
m

b
er

M  5.0 - 6.0

Figure 5. Incompleteness test for earthquakes that occurred in the Marmara region for M 4–5 (upper) and M 5–6 (lower) considering a
103 yr time interval (between 1901 and 2004).
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are not assigned to specific faults are assumed to be potential
seismogenic sources and are spatially gridded to cells. First,
we count the number of earthquakes ni with magnitude
greater than Mref in each cell i of a grid with spacing of
0.05° in latitude and 0.05° in longitude. This count repre-
sents the maximum likelihood estimate of 10a for that cell
(Weichert, 1980; Bender, 1983) for earthquakes above
Mref . The values of ni are converted from cumulative values
(number of events above Mref ) to incremental values (num-
ber of events from Mref to Mref �ΔM) using the Herrmann
formula (Herrmann, 1977). The grid of ni values is then
smoothed spatially by multiplying by a Gaussian function
with correlation distance c. For each cell i, the smoothed va-
lue ~ni is obtained from (Frankel, 1995)

~ni �

P
j
nje

�Δ2
ij=c

2

P
j
e�Δ

2
ij=c

2 : (3)

In this equation, ~ni is normalized to preserve the total number
of events, and Δij is the distance between the ith and jth
cells. The sum is taken over cells j within a distance of
3c of cell i. The annual probability of exceeding specified
ground motions is calculated for a grid of sites using ~ni from
equation (3). For each site, the values of ~ni are binned by
their distance from that site, so that Nk denotes the total of
~ni values for cells within a certain distance increment of the
site. Now the annual rate λ�u > u0� of exceeding ground
motion u0 at a specific site is determined from a sum over
distance and magnitude (Frankel, 1995)

λ�u > u0� �
X

k

X

l

10�log�NK=T��b�Ml�Mref ��

× P�u > u0jDk;Ml�;
(4)

where k is the index for the distance bin, and l is the index for

the magnitude bin; T is the time in years of the earthquake
catalog used to determine Nk. The first factor in the summa-
tion is the annual rate of earthquakes in the distance bin k and
magnitude bin l. P�u > u0jDk;Ml� is the probability that u
at the site will exceed u0, for an earthquake at distance Dk

with magnitude Ml (Dk is fixed for each bin). This probabil-
ity is dependent on the attenuation relation and the standard
deviation (variability) of the ground motion for any specific
distance and magnitude. For this model, values are computed
from the magnitude 4.0 and larger earthquakes since 1901.

Segmented Fault Source Model. This model is based on the
assumption that large earthquakes occurring in small areas
are likely to belong to the same seismogenic fault or a ho-
mogenous system of faults. This implies that the seismicity is
concentrated on fault planes. In order to utilize the contribu-
tion of the fault sources to regional seismic hazard, four
aspects of each source are examined. These are: (a) style-
of-faulting, (b) location and orientation, (c) slip rate, and
(d) maximum magnitude earthquake expected (Petersen
et al., 2000). All faults that were included in the evaluation
are judged with confidence as active faults with reported slip
rates greater than or equal to 10 mm=yr; other active faults
having slip rates less than 10 mm=yr were not included. For
the faults below the Marmara Sea, we used fault segmenta-
tion data from Le Pichon et al. (2003) and Armijo et al.
(2005). The remainder of the faults was taken from the active
fault map of Turkey (Saroglu et al. 1992) with the caveat that
this map is in the process of being updated. As shown in
Figure 6, the region’s complex fault system is modeled with
48 fault segments and each is assumed to rupture indepen-
dently. The properties of each fault segment are tabulated in
Table 2.

For nonvertical faults, dip angle is an important param-
eter to determine the average fault depth and the projected

Figure 6. Fault segmentation model for the Marmara region (see Table 2 for fault names and their activity rates).
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distance on the grid to be used in the GMPEs. Because down-
dip width and depth data for each fault are not available to
accurately determine the actual subsurface source geometry,
some of the planar sources were approximated as linear
sources (i.e., 90° dip is assumed for strike-slip faults). Also,
10 km depth is assigned to those faults where reliable depth
information is not available. Also listed in Table 2 are
the approximate slip-rates broadly described from GPS
measurements because only three fault segments: Izmit,
Düzce and Ganos, were studied in detail by paleoseismolo-
gical methods to be able to assess the long-term slip-rates.
Most of the faults that are labeled active are mainly mapped
on the basis of the morphological studies and with simple
spatial correlations with recent known earthquakes. These
issues will remain as constraints on the results presented until
more reliable data on the subsurface geometry and slip rates
for faults become available.

In interpreting our fault segmentation model in Figure 6,
which primarily relies on seismotectonic studies along with
recurrence and locations of historical events, it should be em-
phasized that geometry and recurrence are not totally inde-
pendent of each other. If a fault is modeled with several small
segments instead of fewer large segments, the maximum
magnitude will be lower, and a given slip-rate will require
many more small earthquakes to accommodate a cumulative
seismic moment.

For the segmented fault sourcemodel, available historical
and instrumented data are not sufficient to determine whether
the GR model or characteristic earthquake (CE) model or hy-
brid model (Youngs and Coppersmith, 1985) is more appro-

priate. Therefore, two different models (GR and CE) were
placedwithin the logic treewith equalweights. In the CEmod-
el, each of the fault segments considered is assumed to be ca-
pable of rupturing independently andproducing themaximum
magnitude earthquake (Mmax) based on fault length andpoten-
tial rupture depth (Aki, 1983; Schwartz and Coppersmith,
1984). It should be noted that Mmax denotes the maximum
characteristic magnitude.Mmax for each fault segment is com-
puted through empirical relations (Wells and Coppersmith,
1994) and cross-checked with the neighborhood historical
events. To account for the uncertainties in Mmax values,
Mmax is allowed to float along each fault segment in three lim-
its as Mmax � σ, Mmax, Mmax � σ, and σ is the dispersion in
statistical modeling of Mmax and taken as 0.3 on the basis of
Wells and Coppersmith (1994).

For the faults, we used the following seismic moment
formula to find the activity rate of the characteristic event,
i.e., number of earthquake per year or reciprocal of its recur-
rence interval from

M0 � μAD; (5)

where M0 is the seismic moment of the characteristic earth-
quake. The rigidity or shear modulus of the crust is repre-
sented by μ and is taken as 3:0 × 1011 dyne=cm2. A is the
area of the rupture plane (in cm2), and D is the slip on the
plane (in cm). Time derivative of equation (5) results in a
moment rate as a function of slip-rate

M0
0 � μAS; (6)

Table 2
Characteristic Attributes of Fault Segmentation Model

Fault
Segment

Length
(km)

Characteristic
Event (M)

Slip-Rate
(mm=yr)

Activity Rate
(Earthquake/yr)

Fault
Segment

Length
(km)

Characteristic
Event (M)

Slip-Rate
(mm=yr)

Activity Rate
(Earthquake/yr)

F1 45 7.0 20 0.0073 F25 31 6.8 20 0.0095
F2 48 7.0 20 0.0070 F26 44 7.0 20 0.0074
F3 82 7.3 20 0.0049 F27 42 7.0 20 0.0077
F4 31 6.8 20 0.0094 F28 51 7.1 23 0.0077
F5 36 6.9 20 0.0085 F29 62 7.2 23 0.0068
F6 22 6.7 20 0.0119 F30 51 7.1 23 0.0077
F7 28 6.8 20 0.0101 F31 20 6.6 23 0.0148
F8 63 7.2 20 0.0058 F32 16 6.5 20 0.0150
F9 58 7.1 20 0.0062 F33 57 7.1 20 0.0062

F10 40 7.0 20 0.0079 F34 20 6.6 20 0.0128
F11 28 6.8 20 0.0101 F35 41 7.0 20 0.0077
F12 46 7.0 20 0.0072 F36 36 6.9 20 0.0085
F13 21 6.6 20 0.0121 F37 112 7.5 23 0.0045
F14 29 6.8 20 0.0099 F38 36 6.9 18 0.0076
F15 21 6.7 20 0.0121 F39 15 6.5 18 0.0140
F16 66 7.2 20 0.0056 F40 37 6.9 18 0.0075
F17 21 6.6 20 0.0122 F41 30 6.8 18 0.0088
F18 21 6.6 20 0.0124 F42 10 6.3 18 0.0185
F19 90 7.3 20 0.0046 F43 20 6.6 15 0.0096
F20 26 6.7 20 0.0107 F44 22 6.7 15 0.0089
F21 19 6.6 20 0.0133 F45 15 6.5 15 0.0116
F22 23 6.7 20 0.0114 F46 20 6.6 15 0.0096
F23 49 7.1 10 0.0034 F47 30 6.8 20 0.0097
F24 33 6.9 10 0.0045 F48 46 7.0 20 0.0072
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whereM0
0 is the moment rate, and S is the slip rate. The seis-

mic moment can be obtained through moment magnitude,
M, from the relation given by Hanks and Kanamori (1979)

M � 2=3 logM0 � 10:7 (7)

By rewriting equation (7), we obtain seismic moment as

log10�M0� � 1:5M� 16:05 (8)

and the activity rate of earthquakes above a minimum mag-
nitude, Mmin, from

N�Mmin� �
μAS

mean�M0=earthquake�
(9)

On the basis of these formulas, the activity rate for each fault
segment was computed and is listed in Table 2.

The GR model requires computation of a value for each
fault segment, therefore, buffer zoneswith radius of 10–15 km
were introduced around each fault segment, and events within
each zone were counted. If one event was counted for one
buffer zone, it was not included in any other zones although
it might fall within their radius.

Ground-Motion-Prediction Equations

In the post-1999 period, many ground motion records
were recorded in Turkey. These new data were combined
with the existing national ground motion library to develop
a GMPE to be used for regional hazard assessments (Gülkan
and Kalkan, 2002). The GMPE of Gülkan and Kalkan has the
same functional form as the GMPE of Boore et al. (1997) but
with different coefficients; this model was updated later by

considering a larger data set (Kalkan and Gülkan, 2004). In
the study presented herein, three NGA relations (Boore and
Atkinson, 2008; Campbell and Bozorgnia, 2008; Chiou and
Youngs, 2008) are used in addition to the GMPE of Kalkan
and Gülkan (2004) to compute the ground motions at dis-
tances less than 200 km. The NGA equations have been
derived for shallow crustal earthquakes from a data set
that includes some Turkish strong-motion records. These
equations are found to be applicable for Europe and the
Middle East (Stafford et al., 2008). Figure 7 compares the
attenuation curves based on four different GMPEs computed
for PGA, spectral acceleration (SA) at 0.2 sec, and SA at
1.0 sec. These curves correspond to an M 7.0 event on a
strike-slip fault, and site condition is firm-rock (VS30 �
760 m=sec). Note that in Kalkan and Gülkan’s GMPE the
larger of the two horizontal components for each record
was processed in the regression, whereas all the NGA equa-
tions use the geometric mean of the two horizontal compo-
nents, which is consistently smaller. For consistency, PGA,
SA at 0.2 sec, and 1.0 sec predictions from KG04 were first
adjusted by 0.9, 0.9, and 0.85, respectively, and then plotted
in Figure 7. These factors, relating maximum horizontal
component to the geometric mean of the two horizontal com-
ponents, were taken from Campbell and Bozorgnia (2008).
As shown, the three NGA relations produce similar results.
For PGA and SA at 0.2 sec, Kalkan and Gülkan’s GMPE
yields slightly lower acceleration values within 5 km of fault
rupture, whereas its predictions are comparable in the inter-
mediate distances (between 5 to 25 km). For SA at 1.0 sec,
Kalkan and Gülkan’s GMPE estimates larger acceleration
values at distances larger than 5 km as compared to the pre-
dictions of the NGA relations.
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Figure 7. Comparison of ground motion predictions from Kalkan and Gülkan (2004) GMPE to three NGA relations (Boore and
Atkinson, 2008; Campbell and Bozorgnia, 2008; Chiou and Youngs, 2008). Plots are for PGA (left panel), SA at 0.2 sec (middle panel),
and SA at 1.0 sec (right panel). Ground-motion prediction is based on anM 7.0 scenario event on a strike-slip fault (with depth of 2.0 km) and
at a uniform firm-rock site (VS30 � 760 m=sec).
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Logic Tree

The logic tree constructed for hazard computations is
shown in Figure 8. For smoothed seismicity model, the tree
has 12 branches. For the fault source model, the three has 24
branches. The weight assigned to the local GMPE is set equal
to total weight of the three NGA relations. All relative
weights are subjective and based on what we consider to
be defensible judgment.

Seismic Hazard Results

The seismic hazard is computed for PGAand SAordinates
at 0.2 sec and 1.0 sec for the uniform firm-rock site condition
(VS30 � 760 m=sec). The 0.2 and 1.0 sec spectral periods are
selected because they are frequently used to construct a
smooth design spectrum; an appropriate procedure to obtain

a smooth design spectrum from a uniform hazard spectrum is
given in the Federal Emergency Management Association
(FEMA) 356 guidelines (ASCE, 2000). Seismic hazard for
the Marmara region was computed for two ground motion
levels having 2% and 10% probabilities of exceedance in
50 yr and corresponding to return periods of about 2475
(annual probability of exceedance � 0:000404) and 475 yr
(annual probability of exceedance � 0:0021), respectively.
Figures 9–11 render the mean seismic hazard computed for
PGA, SA at 0.2 sec, and SA at 1.0 sec for 2% and 10% prob-
ability levels. The distribution of PGA and SA ordinates,
shown by the color gradient, indicates a broader scattering
of higher acceleration values toward the south and east of the
Marmara region. For the 2475 yr return period, the maximum
PGA (Fig. 9) at a uniform firm-rock site is computed as 1.5 g;
PGAdiminishes to 0.8 gwhen the return period is set to 475 yr.

Figure 8. Logic tree established for seismic hazard analysis; values in brackets indicate the assigned weight to each cell;Mmax stands for
maximum magnitude.
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Such high values of PGA are observed in the vicinity of fault
segments along the branch of the NAF zone extending into the
Marmara Sea. This zone of large ground motions also corre-
sponds to areas where large numbers of 4� events have oc-
curred since 1901. At the same locations, the maximum SA
at 0.2 sec (Fig. 10) is computed as 2.8 g and 1.8 g at the return
period of 2475 and 475 yr, respectively. The maximum SA at
1.0 sec (Fig. 11) is computed as 1.5 g for a 2475 yr return per-
iod and 0.8 g for a 475 yr return period.

The hazard maps presented in Figures 9–11 are for a uni-
form firm-rock site condition (VS30 � 760 m=sec). To obtain
motions for average stiff-soil site (VS30 � 360 m=sec) and
soft-soil site (VS30 � 180 m=sec), the mapped values should
be modified. It is not possible to provide a constant modifica-
tion factor to transfer the hazard values computed for VS30 �
760 m=sec to those at VS30 � 360 m=sec or 180 m=sec be-
cause the three NGA relations utilized have nonlinear site
correction term; that is, site amplification decreases with

Figure 9. Seismic hazard map of the Marmara region for PGA for uniform firm-rock site condition considering 2% (top panel) and 10%
(bottom panel) probability of exceedance in 50 yr.
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increasing ground motion intensity as surface materials
reach their limit strength and start behaving nonlinearly.
The difference between a linear and nonlinear site correction
term affects the stronger ground motions. In order to predict
the ground motion at soil and soft-soil sites, we computed the
amplification factors (by taking the ratio of hazard results for a
particular VS30 to those for VS30 � 760 m=sec) at every grid
point and projected them on a series of site amplificationmaps
in Figures 12 and 13. These maps are generated for PGA and

SA at 0.2 sec, and SA at 1.0 sec considering ground-motion
level at 2% and 10% probability of exceedance in 50 yr. For
both ground motion levels, site amplification factors for
VS30 � 180 m=sec are almost unity at the locations where
the high PGA values are computed. For VS30 � 180 m=sec,
Kalkan and Gülkan’s GMPE yields a constant amplification
factor of 1.3 independent of the PGA level. At the PGA level
of 0.3 g and higher, NGA relations yield site amplification
factors less than unity; therefore, combination of four GMPE

Figure 10. Seismic hazard map of the Marmara region for spectral acceleration at 0.2 sec for uniform firm-rock site condition con-
sidering 2% (top panel) and 10% (bottom panel) probability of exceedance in 50 yr.
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within the logic tree results in no site amplification around the
major fault lines. The same applies for SA at 0.2 sec.However,
for SA at 1.0 sec, NGA relations yield amplification factors
greater than unity, thus, soft-soil sites around the major fault
lines are expected to experience a minimum 1.6 times higher
ground motion as compared to the uniform firm-rock sites
considering 2%probability of exceedance in 50 yr. In general,
nonlinearity phenomena result in a shift of the energy to longer
response periods. Comparisons between Figures 12 and 13
show that site amplification factors computed for 10% prob-
ability of exceedance level are higher than those for 2%

probability of exceedance level because nonlinearity is more
pronounced for higher PGA and spectral accelerationvalues at
2% probability of exceedance level. Note that about 20%
deamplification is predicted by NGA formulas at higher fre-
quencies such as 0.2 sec for soft-soil compared to rock when
ground motions are high.

Seismic Hazard of the Istanbul Metropolitan Area

The northern segments of the Marmara Sea faults are
about 10–15 km from the southern coastline of Istanbul

Figure 11. Seismic hazard map of the Marmara region for spectral acceleration at 1.0 sec for uniform firm-rock site condition con-
sidering 2% (top panel) and 10% (bottom panel) probability of exceedance in 50 yr.
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Figure 12. Site amplification map of the Marmara region for PGA, SA (0.2 sec), and SA (1.0 sec) considering 2% probability of ex-
ceedance. Ratio of ground-motion estimate between VS30 � 180 m=sec and VS30 � 760 m=sec (left panels). Ratio of ground-motion es-
timate between VS30 � 360 m=sec and VS30 � 760 m=sec (right panels).
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Figure 13. Site amplification map of the Marmara region for PGA, SA (0.2 sec), and SA (1.0 sec) considering 10% probability of
exceedance. Ratio of ground motion estimate between VS30 � 180 m=sec and VS30 � 760 m=sec (left panels). Ratio of ground motion
estimate between VS30 � 360 m=sec and VS30 � 760 m=sec (right panels).
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proper (Fig. 4), while two-thirds of the city remains within
20–30 km radius of fault segments F29 and F30 (Fig. 6).
These fault segments when ruptured independently have
the potential to generate an event with magnitude greater
than 7 (see Table 2 for their characteristic magnitudes).
Intense PGA level is expected particularly in southern parts
of Istanbul where the Istanbul Strait opens to the Marmara
Sea. The level of shaking gradually diminishes toward the
north. The predicted PGA ranges between 0.3 and 0.4 g
for 475 yr return period in southern parts of Istanbul; esti-
mated PGA increases to as much as 0.45 g on the shoreline
west of Istanbul. The 2475 yr return period pushes this
envelope from 0.5 to 0.7 g level. The results of the previous
study by Gülkan et al. (1993), constituting the fundament of
the regulatory seismic zoning map of Turkey, reveal PGA dis-
tribution about 0.4 g around Istanbul metropolitan area for
475 yr return period, in good agreement with our predictions.
For the Istanbul metropolitan area seismic hazard curves are
plotted in Figure 14 for PGA, SA at 0.2 sec, and SA at 1.0 sec
by considering a uniform firm-rock, soil, and soft-soil sites.
The two horizontal reference lines drawn indicate 2% and
10% probability levels.

For the Istanbul c area, site-dependent design spectra
are computed next by using the PSHA-based uniform hazard
spectra following the FEMA-356 procedure. The smooth
design spectrum for each of three site categories are produced
for 10% probability of exceedance in 50 yr; the resultant
smooth spectra are shown in Figure 15. The design spectra
based on the regulatory Turkish Seismic Code (TSC; Ministry
of Public Works and Settlement, 2007) are also plotted on the
same figure for comparison. In this figure, Z4, Z3, and Z2
denote the TSC-2007 site classifications; they roughly corre-
spond to VS30 � 180, 360, and 760 m=sec, respectively.

TSC-2007 design spectra well envelope the smooth design
spectra and remain on the conservative side. It should be noted
that TSC-2007 does not consider distance to fault as a param-
eter in constructing the design spectrum and assumes that the
design spectrum based on a specific site category is invariant
within a seismic zone; Turkey is divided into five seismic
zones, and the southern part of Istanbul is located in zone 1
designated as the most active seismic zone. The PSHA results
presented here and the previous study by Kalkan and Gülkan
(2004) suggest that Turkish code-based spectrum should
havedistancedependence similar to the InternationalBuilding
Code (International Conference of Building Officials [ICBO],
2006) to achieve realistic design spectral values consistent
with regional hazard conditions. For distances close to faults,
design spectrum may be constructed as the lower spectral
values computed from a deterministic-based approach (where
a characteristic event dominates the hazard) and probability-
based approach; for farther distances the probabilistic-based
approach may govern the design spectrum. A suite of deter-
ministic-based design spectra have been already developed
for Turkey (Kalkan and Gülkan, 2004).

Conclusions

This paper presents a reassessment of the seismic hazard
in the Marmara region on the basis of recent findings on sea
bottom surveys and enhanced ground motion library from
recent national events. All potential sources of seismic activity
that might contribute to ground motions were identified and
characterized by examining geologic, tectonic, historic, and
instrumental evidence. The methodology applied here is
similar to that used in the development of the most recent
U.S. seismic hazard maps. Two models of seismic sources
were combined and employed with different GMPEs for the

Figure 14. Seismic hazard curves for the Istanbul metropolitan area computed for PGA, SA at 0.2 sec, and SA at 1.0 sec for uniform firm
rock (VS30 � 760 m=sec), soil (VS30 � 360 m=sec), and soft-soil (VS30 � 180 m=sec) sites. Horizontal dashed lines identify 2% and 10%
probability of a given acceleration level being exceeded.
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Figure 15. Comparison of PSHA-based smooth design spectrum (10% probability of exceedance in 50 yr) constructed on uniform
hazard spectrum with Turkish Seismic Code (2007) design spectrum for rock, soil, and soft-soil site conditions (TSC site classes are
Z2, Z3, Z4, respectively). Damping ratio is 5%.
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assessment of hazard quantified in terms of peak ground ac-
celeration and spectral accelerations at 0.2 and1.0 secwith 2%
and 10% probability of exceedance in 50 yr. Confidence of
time-dependent models is inevitably hampered by short-term
completeness of the earthquake catalog, and as a result tem-
poral occurrence of earthquakes was assumed to be Poisso-
nian; because of that our model represents an upper bound
compared to time-dependentmodels. Hazardmapswere com-
puted for generic rock site conditions; for soil and soft-soil
sites, a set of amplification maps is provided.

The reliability of the hazard analyses conducted here
depends primarily on precision with which uncertainty in
magnitude, epicenter, recurrence, fault segmentation, and
their cross effects can be identified and characterized. For
instance, the maximum magnitude at each fault segment
was estimated from the fault length and approximate slip
rates. In order to account for the associated uncertainties,
maximum magnitude is allowed to float along each fault
segment. This treatment results in enhanced hazard level
especially for long return periods (e.g., 2475 yr), while its
influence remains marginal for short return periods (e.g.,
475 yr). The uncertainty in recurrence is also a factor because
of the many big events in the 1999–present period. We have
ignored the faults with less than 10 mm=yr average slip. In
addition, we did not model faults as unsegmented as another
branch in the logic tree. Considering them in PSHA may
increase the hazard in the region.

Results in this study show that for the 475 yr return
period, PGAmay reach to asmuch as a 0.4 g level in the south-
ern areas of Istanbul and the Yalova region and 0.5 g level
around the shoreline to the west of the metropolitan area at
a closest distance of about 10 km to the active Marmara
Sea faults. PGA increases to the 0.8 g level at much closer
distances near the fault segments. In the Istanbul downtown
area, the average PGA is expected to measure at 0.4 g for
10% probability of exceedance in the next 50 yr. Our analyses
for the Istanbul metropolitan area lack very fine grid-spacing,
and the results presented herein are intended to give a general
perspective on the anticipated level of shaking.

The principal differences of the study described here and
the previous studies focused on the Marmara region (e.g.,
Atakan et al., 2002; Erdik et al., 2004) are that the GMPE
developed from indigenous sources has been given prepon-
derance in the weighting. The characteristics attributed to the
seismogenic sources and use of NGA relations are also major
improvements. The new maps (Figs. 9–11) generally show
10% to 15% increase for PGA, 0.2 sec, and 1.0 sec spectral
acceleration across much of Marmara compared to previous
regional hazard maps.

The seismic hazard maps provided here are intended to
shed some light on future assessments of risk to structures in
the defined Marmara region and, we hope, serve as a remind-
er to improve design and construction practices to minimize
losses of life and property.

Data and Resources

Digital data of hazard curves for the entire Marmara
region including the Istanbul metropolitan area and hazard
maps presented herein can beviewed in color and downloaded
fromwww.erolkalkan.com/Marmara_Research (last accessed
June 2009). Seismic hazard maps are also integrated with the
3D-Earth model at www.erolkalkan.com/MIM (last accessed
June 2009) to provide an interactive interface. Events that use
different intensity scales compiled from different sources are
the Earthquake Research Department, General Directorate of
Disaster Affairs of Turkey (http://angora.deprem.gov.tr/
ivmekataloglaren.htm, last accessed June 2009); Kandilli
Observatory, Boğaziçi University (http://www.koeri.boun
.edu.tr/sismo/Mudim/katalog.asp, last accessed June 2009);
International Seismological Centre (http://www.isc.ac.uk/
doc/products/catalogue.html, last accessed June 2009); and
the U.S. Geological Survey (http://neic.usgs.gov/neis/epic/,
last accessed June 2009).
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