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SUMMARY:  
Using a deterministic approach, peak values of expected ground-motions are estimated for the Sea of Marmara 
(Turkey) region that encompasses Istanbul based on six plausible earthquake scenarios. These scenarios consist 
of individual and multiple rupturing of the submarine fault segments along the western part of the North 
Anatolian Fault Zone (NAFZ) extending into the Sea of Marmara. To quantify the regional exposure on a set of 
hazard maps, a total of six ground motion prediction equations (GMPEs) have been used in a combinatorial 
approach to account for epistemic uncertainty. In lieu of subjectively weighting the expressions, the GMPEs 
were weighted proportional to their relative performance in predicting the measured peak ground motions of the 
1999 M7.4 Kocaeli earthquake when it ruptured the İzmit segment of the NAFZ up to the eastern reaches of 
İstanbul. This computational approach has resulted in consistent but different weights for each GMPE at 
different spectral periods. The resultant high-resolution (0.002° by 0.002°, approx. 250 m by 250 m) 
deterministic seismic hazard maps, that incorporate site amplification due to softer sediments, provide peak 
horizontal ground acceleration (PGA) and spectral acceleration values at 0.2, 0.3, 0.5, 1, 1.5, 2, 3 and 4 seconds. 
The median spectral acceleration at 0.3 s computed is close to 1 g along the shoreline to the west of the İstanbul 
metropolitan area, and 0.3 g near the financial district from all scenarios.    
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1. INTRODUCTION 
 
With a population of over 13 million, İstanbul, the largest city of Turkey, is located close to one of the 
most tectonically active regions in Eurasia. The city was exposed to at least five damaging earthquakes 
(1509 Ms7.2, 1719 Ms7.4, 1766 Ms7.1, 1894 Ms7.3, 1912 Ms7.3; Ms = surface magnitude) in the last 
five centuries (Kalkan et al. 2009). In the last century, this region experienced a high seismic activity 
with seven strong events having M≥7 (M = moment magnitude) (Fig. 1). Devastating 1999 Kocaeli 
(M7.4) and Düzce (M7.2) earthquakes occurring on the North Anatolian Fault Zone (NAFZ) on the 
south of the eastern border of İstanbul province are the most recent manifestation of this high seismic 
activity. The 1,200 km long NAFZ has a transform mechanism, and runs across northern Turkey 
accommodating a ~25 mm/year right-lateral slip between Anatolia and the stable Eurasian plates 
(Straub et al. 1997; McClusky et al. 2000). Since 1939, this fault system has produced 10 M≥6.7 
earthquakes in a westward-propagating sequence (Fig. 2). The exception is the 1999 earthquake in 
Düzce that occurred three months after the Kocaeli earthquake and 1992 Erzincan earthquake. Based 
on the stress transfer postulate for successively rupturing fault segments, and supported by the city’s 
string of destructive historic earthquakes, İstanbul is considered likely to experience a major 
earthquake during the next few decades (Parsons 2004). 
 



 
Figure 1. Map of Sea of Marmara (Turkey) region showing instrumental seismicity for the time period 1973–
2010. The earthquake magnitudes are indicated by the size of the circles. Also shown are the submarine fault 
segments (Off-Tekirdağ, Mid-Marmara, Islands, and Çınarcık) under the Sea of Marmara floor; these fault 
segments may nucleate an M³6.9 event that may strongly shake the İstanbul metropolitan Area. Nearest fault 
segments lie within 10 to 15 km offshore from the city’s southern coastline 
 
As far as is known, the seismic hazard for İstanbul metropolitan area is mostly due to submarine fault 
system at the western extension of NAFZ located south and southeast of İstanbul (Islands and Çınarcık 
fault segments) and southwest of the city (Mid-Marmara and Off-Tekirdağ fault segments) as shown 
in Figure 1 (Le Pichon et al., 2001; Armijo et al., 2002; Le Pichon et al., 2003; Armijo et al., 2005). 
This fault system has been recognized to have the potential to nucleate an M≥7 event, which will 
strongly shake the İstanbul metropolis and its surroundings. Compelled by the level of seismic risk and 
as a result of increased awareness of the earthquake threat, a critical assessment of the regional seismic 
hazard is of paramount importance to facilitate and support a wide range of earthquake engineering 
applications (Griffiths et al. 2007, Kalkan et al. 2009, Ozcep et al. 2010). 
 

 
Figure 2. Sequence of westerly propagating ten large (M³6.7) earthquakes on the North Anatolian Fault Zone 
(NAFZ), shown with thick black line. Potential seismic gap in the Sea of Marmara is highlighted; also shown are 
the fault rupture length for each event along the NAFZ; the most recent events of this sequence are the 1999 
M7.4 Kocaeli (Izmit) and M7.2 Duzce earthquakes.  
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Both probabilistic and deterministic methods can be used to assess the seismic hazard. The 
probabilistic seismic hazard analysis (PSHA) maps and related products are useful in assessing risks. 
PSHA maps may include finer definition of seismic hazard for building codes, earthquake insurance 
and specific seismic design for critical infrastructure. Earlier PSHA studies for the Sea of Marmara 
region that encloses İstanbul are based on broadly described submarine faults and imported ground 
motion prediction equations (GMPEs) from the 1990s (Atakan et al. 2002; Erdik et al. 2004). 
Recently, seismic hazard of the region have been re-assessed in a probabilistic framework by Kalkan 
et al. (2009) following the general methodology developed for the U.S. national seismic hazard maps 
(Petersen et al. 2008) and its implementation for California (Kalkan et al. 2010). The new PSHA maps 
developed are based on the latest generation of global and locally derived GMPEs, and on the most 
current information on regional faults, and historical and instrumental seismicity data.  
 
As opposed to the probabilistic formulation, the deterministic seismic hazard analysis is best 
designated as the ‘scenario’ method, and provides a clear and easily tracked way of computing seismic 
hazard. Scenario ground-motions are estimated motions expected from a subset of the possible 
earthquakes, some of which may represent just one event. For the Sea of Marmara region, scenario 
earthquakes and associated peak values of expected ground-motions have been estimated previously 
using hybrid ground motion simulations (e.g., Pulido et al. 2004). In this study peak values of 
expected ground-motion will be estimated using a deterministic approach where a suite of six local 
and global ground-motion prediction equations (GMPEs) have been used in a combinatorial approach 
to account for epistemic uncertainty. Six plausible earthquake scenarios have been defined for this 
purpose. These scenarios consist of single and multiple ruptures occurring on the Islands, Mid-
Marmara, Çınarcık and Off-Tekirdağ fault segments along the western extension of the NAFZ beneath 
the Sea of Marmara Sea (Fig 1). Instead of subjectively weighting the GMPEs, the expressions were 
weighted according to their relative accuracy in predicting the measured peak ground-motions of the 
1999 M7.4 Kocaeli earthquake that occurred on the İzmit segment of the NAFZ beyond the eastern 
border of İstanbul province. This hindsight-based computation has resulted in consistent but different 
weights for each GMPE that vary for different spectral periods. Seismic hazards of Sea of Marmara 
region are computed and projected on a set of deterministic hazard maps having a high resolution 
(0.002° by 0.002°, i.e., approx. 250 m by 250 m). These hazard maps incorporating the site effects 
were computed for peak horizontal ground acceleration (PGA) and spectral acceleration (SA) at 0.2, 
0.3, 0.5, 1, 1.5, 2, 3 and 4 s for 5-percent damping. The 0.2 and 1 s periods are often used as corner 
spectral periods to construct a smooth design spectrum for structural design. An appropriate procedure 
to obtain a smooth design spectrum from a hazard spectrum is given in the ASCE/SEI 41-6 guidelines 
(ASCE, 2007).  
 
2. REGIONAL SEISMOTECTONICS  
 
Seismic reflection surveys (Smith et al. 1995; Parke et al. 2000) have revealed a complex and 
heterogeneous subterranean fault system as the western extension of the NAFZ under the Sea of 
Marmara floor. In the east at the junction of the Marmara Sea, the NAFZ is predominantly controlled 
by right-lateral strike-slip faults, while the plate boundary changes into a trans-tensional system that 
has opened a deep-basin below the Marmara Sea (Okay et al. 2000) (see Fig. 1). There is no evidence 
of a single, continuous, purely strike-slip fault under the sea, but a complex of segmented faults with 
large normal components. Although there is detailed information about the geometry of these fault 
segments at depths less than 5 km, due to major uncertainty concerning their deeper parts, we have 
assumed that these fault segments dip vertically.  
 
In the recent past, a series of strong earthquakes have ruptured the NAFZ in this region. Kocaeli and 
Düzce were the latest events in a westward-propagating earthquake sequence that began with the M7.9 
Erzincan earthquake in 1939 on this fault zone (Fig. 2). When the 1912 event that occurred in the west 
of the Sea of Marmara is taken into account (Kalkan et al. 2009), a seismic gap that has not ruptured 
for more than 200 years is identified (see highlighted zone in Sea of Marmara in Fig. 2). This crosses 
close to the northern shoreline of the Marmara Sea (Barka 1992; Stein et al. 1997), and points toward 



the Mid-Marmara and Islands fault segments (Fig. 1). This seismic gap is around 150-160 km long and 
may generate an M>7 earthquake (Hubert-Ferrari et al. 2000). Coulomb stress calculations show that 
shear stress has increased on the fault segments below the Sea of Marmara in the aftermath of the 1999 
Kocaeli earthquake, indicating their likely impact on the rupture potential (Parsons et al. 2000).  
 
3. SITE EFFECTS 
 
In order to incorporate site effects (amplification due to local geological conditions) and their spatial 
variability on ground motion estimates, a map with the grid of Vs30 is needed (Fig. 3). This proxy 
map of Vs30 was determined from topographic slope calculated from a 1-km grid using the method of 
Wald and Allen (2007). For the Sea of Marmara region, surface soils generally have Vs30 values 
between 400 and 760 m/s (stiff soil to hard rock) along the southern coastal line of the Sea of 
Marmara. The Vs30 ranges between 200 and 400 m/s along its northern coastline that bounds the 
metropolitan area. Sound bedrock is located in the northeastern and eastern parts of the İstanbul 
metropolitan area (Ündül and Tuğrul, 2006). Softer sediments with Vs30 < 300 m/s are located in the 
southwestern parts of its European side, where a higher portion of the city’s population resides. This 
region is prone to locally amplify ground-shaking hazard; the amplification can be as high as 2.5 times 
as compared to the nearby rock sites (Kalkan et al. 2012).  

 
Figure 3. Map of Sea of Marmara (Turkey) region showing a proxy for the shear-wave velocity averaged over 
the top 30 m of the ground (Vs30) derived from topographic slope. Dark color = rock site, light color = soft soil 
site, white color = water. Most of the population in the İstanbul metropolitan area resides on soft-soil deposits, 
prone to amplified ground shaking during earthquakes (Vs30 data is taken from the USGS Global Vs30 Map 
Server: http://earthquake.usgs.gov/hazards/apps/vs30/). 
 
4. SCENARIO EARTHQUAKES 
 
Six plausible earthquake scenarios were defined for the greater İstanbul metropolitan area considering 
individual and multiple ruptures of the Islands, Mid-Marmara, Çınarcık, and Off-Tekirdağ fault 
segments. These scenarios are shown in Figure 4, where the rupture length and expected magnitudes 
(Mmax) computed according to the historic seismicity and the empirical formula of Wells and 
Coppersmith (1994) are marked. In these scenarios, selected fault segments are assumed to rupture in 
strike-slip mechanism along their entire length. Hypocenter location of earthquakes is not taken as a 
variable because the GMPEs selected utilize a specific distance definition either as the closest distance 
to the co-seismic rupture plane (Rrup) or as the closest distance to the surface projection of the 
causative fault (Rjb); both distance measures are independent of the hypocenter location but they are 
depend on the fault geometry.  
 



 
 
Figure 4. Six plausible earthquake scenarios defined for the greater İstanbul metropolitan area considering the 
individual and multiple rupturing of the Islands, Mid-Marmara, Çınarcık and Off-Tekirdağ fault segments. For 
each scenario, rupture length and expected magnitudes (Mmax) computed according to the historic seismicity and 
Wells and Coppersmith (1994) empirical equation are shown.  
 
In this study, only the scenario earthquakes shown above are defined because they are the source of 
the strongest shaking level expected for İstanbul. Our scenario earthquakes involving the combined 
rupture of the Islands, Mid-Marmara and Off-Tekirdağ fault segments are plausible because it has 
been observed that the NAFZ is continuous beneath the Sea of Marmara (Okay et al. 2000; Le Pichon 
et al. 2001), so it has no significant fault offsets that could stop a fault rupture. It could be argued that 
the significant bend between the Islands and Mid-Marmara, and between the Mid-Marmara and Off-
Tekirdağ could be enough to stop a fault rupture. However, recent dynamic models of faulting have 
shown that even large fault bends cannot always arrest a fault rupture (Poliakov et al. 2002; Kame et 
al. 2003). The recent Kocaeli earthquake indeed provided a good example of a fault rupture running 
across a significant fault bend (Harris et al. 2002; Pulido et al. 2004). 
 
 
 



5. GENERAL METHODOLOGY FOR HAZARD COMPUTATION 
 
Deterministic Seismic Hazard Analysis (DSHA) uses geology and seismicity to identify earthquake 
sources and to interpret the largest earthquake each source is capable of producing under the presently 
known or hypothetical tectonic activity regardless of recurrence period. This is called Maximum 
Credible Earthquake (MCE), which will cause the most severe consequences at site of interest. To 
estimate the MCE, we considered historical seismicity and Wells and Coppersmith (1994) relation 
between the fault lengths versus earthquake magnitudes. Using these details and a suite of appropriate 
GMPEs weighted within a consistent logic tree approach, the PGA and spectral acceleration values at 
0.2, 0.3, 0.5, 1, 1.5, 2, 3 and 4 seconds were estimated.  
 
5.1. Ground-Motion Estimation 
 
A total of six global and locally generated GMPEs were used in order to account for epistemic 
uncertainty. The imported GMPEs are selected from the Next Generation of Attenuation (NGA) 
project. They are the equations by Abrahamson and Silva (2008), Boore and Atkinson (2008), 
Campbell and Bozorgnia (2008), and Chiou and Youngs (2008).  These GMPEs are found to be 
applicable for Europe and the Middle East (Stafford et al. 2008). Graizer and Kalkan (2007 and 2009) 
model, derived based on the NGA project database, which has some Turkish strong-motion records, is 
also included. Comparisons of ground motion data from a recent Turkish earthquake with the 
prediction of the Graizer and Kalkan model shows that this GMPE estimates the local ground motions 
as good as other NGA models (Akkar et al. 2011). These global GMPEs are abbreviated respectively 
as AS08, BA08, CB08, CY08, and GK07. The GMPE that is based on local records is by Kalkan and 
Gülkan (2004), and it is abbreviated as KG04.  
 
5.2. Logic Tree Weighting  
 
Logic tree is used to account for epistemic uncertainty in hazard analysis. Instead of subjectively 
weighting the GMPEs to be used for logic tree, the expressions were weighted according to the 
relative accuracy of their performance in predicting the observed peak motions of the 1999 M7.4 
Kocaeli earthquake when it ruptured the İzmit segment of the NAFZ up to the eastern reaches of 
İstanbul (see Fig. 2). In this approach, a GMPE providing a smaller overall standard deviation of 
prediction among other GMPEs is weighted more. The relative weights of GMPEs for each intensity 
measure (IM) (that is, PGA or spectral accelerations at selected periods) is calculated using a residual 
analysis as follows:  

1) Compute the residuals for the ith GMPE; residuals correspond to the difference between the 
observations and predictions in natural-log space, 

2) Compute standard deviation of residuals, si for the ith GMPE, 

3) Relative weight, Wi, for the ith GMPE is computed as , where n is 

the total number of GMPEs selected and . 

This de-facto segregation has resulted in consistent but different weights for each GMPE varying at 
different spectral periods as shown in Figure 5. The local GMPE, the KG04, performs best at PGA and 
spectral acceleration at 0.2, 0.3, 0.5, 1 and 1.5 s; the predictions of this GMPE are limited to 2 s. For 
longer periods (i.e., 3 and 4 s), the remaining five global GMPEs were used; among them the largest 
weight is computed for the AS08 due to its better accuracy in predicting the measured peak ground 
motions of the Kocaeli earthquake as compared to other GMPEs.  
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Figure 5. Logic tree weights of GMPEs computed according to their relative performances in predicting the 
peak motions of the 1994 M7.4 Kocaeli earthquake for PGA and spectral accelerations at 0.2, 0.3, 0.5, 1, 1.5, 2, 
3 and 4 seconds; [local GMPE is KG04 = Kalkan and Gulkan, 2004; and global GMPEs are GK07 = Graizer and 
Kalkan, 2007; AS08 = Abrahamson and Silva, 2008; BA08 = Boore and Atkinson, 2008; CB08 = Campbell and 
Bozorgnia, 2008; CY08 = Chiou and Youngs, 2008]. 
 
6. SEISMIC HAZARD RESULTS 
 
For each earthquake scenario, the following set of maps (with a resolution of 0.002° by 0.002°, or 
approx. 250 m by 250 m) were generated: 

• Median value of peak horizontal ground acceleration (PGA), 
• Median value of spectral accelerations at 0.2, 0.3, 0.5, 1, 1.5, 2, 3 and 4 seconds for 5%-

damping, 
• Ratio comparing shaking level of the 1999 M7.4 Kocaeli event with those in the scenarios for 

PGA and spectral accelerations, 
• Spectral amplification. 

For brevity, Figure 6 shows only the median values of PGA. This map incorporates site effects by 
assigning a Vs30 value corresponding to each grid point by using the map in Figure 3 as a proxy. The 
distribution of PGA values, shown by the color gradient, indicates higher shaking level along the 
coastline of İstanbul, where Off-Tekirdağ, Mid-Marmara and Islands faults are about 10-15 km 
offshore. Multiple rupturing of these fault segments is expected to shake the coastal districts of the city 
in the European side (these are Avcılar, Bahçeşehir, Bakırköy and Beylikdüzü) with a PGA of 0.5 – 
0.7 g. Intense PGA levels are also expected at the İstanbul Strait where it opens to the Sea of Marmara. 
The level of shaking gradually diminishes toward the north. The median PGA ranges between 0.4 g 
and 0.6 g at the coastal districts of the city in the Asian side (these are Kadıkoy, Maltepe, Kartal, 
Pendik and Tuzla). The estimated PGA increases to as much as 0.65 g at Adalar district (Marmara 
Islands). Table 1 lists the PGA and spectral acceleration (SA) values at 0.2, 0.3, 0.5, 1, 1.5, 2, 3 and 4 s 
computed at central point of each district of the İstanbul metropolitan area considering the worst-case 
earthquake scenario (that is, multiple rupturing of Off-Tekirdağ, Mid-Marmara and Islands fault 
segments). In this table, the districts expected to experience the highest shaking are also highlighted. 
This table shows that the largest expected spectral acceleration at short periods (0.3 s) that are close to 
the fundamental vibration period of 3- and 4-story reinforced concrete buildings is close to 1 g along 
the shoreline to the west of İstanbul, and at Sea of Marmara islands. The majority of the building stock 
in these parts of the city  



 
 

 
 
Figure 6. Peak ground acceleration (PGA) maps for the İstanbul metropolitan area considering six earthquake 
scenarios. Median computed PGA is 0.65 g along the shoreline to the west of İstanbul (Bakırkoy district) and at 
Marmara Islands (Adalar discrict) as a result of multiple rupturing of Off-Tekirdağ, Mid-Marmara and Islands 
faults; map (top panel) shows districts of the İstanbul metropolitan Area.  



Table 1. Peak ground acceleration (PGA) and spectral acceleration (SA) values (at 0.2, 0.3, 0.5, 1, 1.5, 2, 3 and 4 
s for 5%-damping) computed at central point of districts in the İstanbul metropolitan area considering the worst-
case earthquake scenario (that is, multiple rupturing of Off-Tekirdağ, Mid-Marmara and Islands fault segments). 
The districts, expected to experience the highest shaking, are highlighted.  
 

 
including those at Avcılar, Bakirkoy, Bahçeşehir and Adalar districts are 3-5 story heights, which are 
the most vulnerable. At the city’s financial district (Sarıyer), which has mostly mid- and high-rise 
buildings (5- to 30-story), the largest expected spectral acceleration at 0.5, 1 and 3 s are 0.24, 0.2 and 
0.07 g, respectively. This level of shaking indicates that the financial district of the city will be shaken 
in much less intensity than its shoreline.  
 
7. SUMMARY 
 
Sea of Marmara (Turkey) region that encompasses İstanbul, one of the largest Euro-Asian 
metropolises, is under the threat of a major earthquake. While much geological discussion has been 
recorded on identifying the characteristics of the faults, relatively little has been done for translating 
that background to engineering design tools. In order to provide a scientific basis for seismic design 
applications, this paper presents a deterministic assessment of the seismic hazard for the region 
focussing on the İstanbul metropolitan area. The expected intensity of ground shaking was determined 
for six plausible earthquake scenarios defined by examining geologic, tectonic, historic and 
instrumental evidence. These scenarios consist of individual and multiple rupturing of the submarine 
fault segments of the North Anatolian Fault Zone (NAFZ) extending under the Sea of Marmara floor. 
A total of six global and regional ground motion prediction equations (GMPEs) have been used in a 
combinatorial approach to delineate the regional seismic hazard on a suite of hazard maps at different 



spectral periods. The principal differences of the study described here and the previous studies that 
have focused on the İstanbul Metropolitan (e.g., Atakan et al. 2002; Erdik et al. 2004) are the 
following: 
 

1. Instead of a subjective selection, logic-tree weights of GMPEs were determined here 
according to their relative performances in predicting observed ground motions of the 1999 
M7.4 Kocaeli earthquake. This non-subjective computational approach led to each GMPE 
having varying logic tree weights at each spectral period [that is, PGA or SA(T), where T = 
0.2 through 4 s]. This analytical approach resulted in larger weight for the GMPE of Kalkan 
and Gülkan (2004) developed from indigenous sources as compared to other global GMPEs 
based on the Next Generation of Attenuation (NGA) project database. 

2. For the hazards maps, we have incorporated the potential site amplification by the near-
surface soils (using a Vs30 as a proxy) to develop a more complete depiction of potential 
seismic shaking hazards throughout the Sea of Marmara region. 

3. The seismic hazard maps were computed on a grid of approx. 250 m by 250 m – a very fine 
resolution.   

4. The characteristics attributed to the seismogenic sources and use of NGA relations in addition 
to a local GMPE are also major improvements.  

 
A set of deterministic seismic hazard maps generated here is a complement of the probabilistic seismic 
hazard maps previously presented in Kalkan et al. (2009). These maps are intended to shed light on 
future assessments of risk to structures within the İstanbul metropolitan area and, we hope, serve as a 
reminder to improve design and construction practices to minimize losses of life and property. Our 
gridded deterministic hazard results can be directly used in the design of new and evaluation of 
existing structures.  
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