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1.INTRODUCTION 

 

Several studies with various degrees of sophistication have been conducted for the 

probabilistic assessment of seismic hazard in the Marmara Region (e.g. Atakan et al., 2002; 

Erdik et al., 2004; Kalkan et al., 2009; Gülerce and Ocak, 2013),. The common point of these 

studies was that they have addressed the hazard in terms of both time-independent 

probabilistic (simple Poissonian) and time-dependent probabilistic (renewal) models. This 

tendency was governed by the following considerations: 1) the region has experienced a 

considerable number of large magnitude events in the history, which have also shown some 

periodicity; 2) the existing seismic gap and the post-1999 earthquake stress transfer at the 

western portion of the 1000km-long NAFZ indicates a high probability of having a M>7 event 

in the near future close to the city of Istanbul; 3) the seismic history of the region was well 

documented and studied and there have been, especially in the aftermath of the 1999 

Kocaeli and Düzce events, several geological investigations both on-shore and off-shore 

aiming to obtain a regional fault model as complete as possible, which were reflected in the 

fault segmentation models of the PSHA studies.  

Task  5.5 of the MARSITE Project aimed at a reassessment of the probabilistic seismic hazard 

of the Marmara region using the most recent findings and outputs of different work 

packages of the project, in terms of seismicity, fault segmentation and slip rates. A revised 

fault segmentation model and associated Poisson (time-independent) and renewal (time-

dependent) recurrence models as well as recently emerged global and regional ground 

motion prediction equations are used to assess the seismic hazard in the region.  

The major goals of Task 5 are summarized below: 

 Improvement of the fault source model geometry and parameterization based on 

recent literature as well as outputs of different work packages of the present project. 

 Review of stochastic models applicable for earthquake rupture forecasting with 

characteristic earthquake occurrence.  

 Consideration of directivity effects 

 Quantification of epistemic and aleatory uncertainties and their effects on ground 

motion prediction.  

 Update of the probabilistic seismic hazard estimates in the Marmara region. 

Deliverable 5.8 of the project documents the studies conducted in this respect. 
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2 FAULT DATABASE AND EARTHQUAKE CATALOG 

2.1 FAULT DATABASE 

 

The eastern NAFZ is essentially a single trace (Barka, 1996) but becomes more complex to the 

west as it enters the Sea of Marmara region, splaying into different fault segments, ranging from 

40 to 150km long. West of the town of Bolu, the Gerede segment divides into two main strands, 

the Düzce and Mudurnu fault segments, and farther west, it splays again into three major 

strands, the Northern (NNAF) branch that enters the Marmara Sea, and the Central (CNAF) and 

Southern (SNAF) branches, that run on-land, south of it. The NNAF strand forms a major 

transtensional NW-SE right-bend under the Sea of Marmara at the Çınarcık trough. The fault 

trace follows the northern margin of the Marmara Sea and connects the complex Central 

Marmara and Tekirdağ pull-apart basins, before merging into the NE-SW striking Ganos fault on 

land. Finally this branch exits into the Aegean Sea through the Saros Gulf (Wong et al., 1995; 

Armijo et al., 1999, 2002; Okay et al., 1999; Le Pichon et al., 2001; Yaltirak, 2002; McNeill et 

al., 2004). In contrast with the NNAF, the Central (CNAF) and Southern (SNAF) traces run 

south of the Marmara Sea and bound several Quaternary-aged basins.  

Segmenting a fault zone and assigning historical earthquakes to particular fault segments 

represent major assumptions that are subject to unquantifiable forecast errors, as segment 

boundaries and historic earthquake locations are highly dependent on the input data used 

and the assumptions made. Segment lengths control the magnitude distribution, and 

historical earthquake locations impact the time elapsed since the last rupture of a given fault 

segment.  

The segment model defined here was based on the most detailed fault traces of the NAFZ 

branches available in the literature. In fact, one of the main datasets compiled in the 

MARSITE project forming a basic input to the probabilistic seismic hazard model was the 

fault database compiled in Work Package 7. The original fault data provided by WP7 is given 

in Figure 1. 
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Figure 1. The Fault database provided by WP7. Colors are used to 

differentiate various fault segments.  

We have evaluated the fault data to obtain a faults source model to be used in the hazard 

analysis. In several cases small segments, which we have interpreted as belonging to the 

same system have been combined to obtain a fault source model for the assessment of 

seismic hazard. We have complemented the model with segments of the Southern Marmara 

region, using data mostly from the MTA documents (Emre et al., 2013) (Figure 2). 

 

Figure 2. The fault source model developed from the output of WP7 

and additional data from (Emre et al., 2013). 

 

In this study we propose a fault segmentation model based on new knowledge of the NAFZ 

configuration, and by integrating the geometrical parameters of each fault segment with 

seismological data and fault slip rate estimates (e.g., Armijo et al., 2002; Hergert and 

Heidbach, 2010). As long as fault geometry and tectonic interpretations of the Marmara Sea 
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region are subject to interpretation (Aksu et al., 2000; Imren et al., 2001; Le Pichon et al., 

2001; Armijo et al., 2002; Armijo et al., 2005; Pondard et al., 2007), we integrate the new 

data have been compiled both from the outputs of WP7 and from literature to constrain 

earthquake probabilities for the Marmara region taking into account three major strands: 

the Northern (NNAF) branch, that enters the Marmara Sea, and the Central (CNAF) and 

Southern (SNAF) branches, that run on-land, south of the Marmara region. The NNAF is the 

most active with right-lateral slip rates of 14-24 mm/yr. The CNAF branch shows about 5 

mm/yr. of right-lateral deformation distributed along several fault strands. The oblique right-

lateral SNAF strand accommodates 2–6 mm/yr. of dextral slip and up to 8 mm/yr. of dip slip 

(Meade et al., 2002; Selim et al., 2013). İn this study, the slip rates on the three branches of 

the North Anatolian Fault in Marmara region were adjusted to balance the total slip rate in 

the region (about 24 mm/yr) (Murru et al. (2016). The CNAF and SNAF strands as a single 

discontinuity we split its velocity. The proportion of the slip between the two southern 

strands is based on conclusions made by Straub et al. (1997), with the CNAF slightly faster 

(~4-5 mm/yr) than the SNAF (~2-3 mm/yr.). We integrate geometrical and behavioral 

characteristics by introducing earthquake magnitude and slip-rates for each fault within the 

segmentation model. The association of historical and instrumental large magnitude 

earthquakes with the segmentation proposed for the three strands of the North Anatolian Fault 

in the Marmara region shown in Figure 3, is given in Table 1. In addition, the maximum expected 

earthquake magnitude, the elapsed time since the last event, and the horizontal component of 

the slip rates are assigned for each fault segment. The maximum expected magnitude is assigned 

on the basis of the implied rupture area for only a single segment rupture. The magnitude is 

calculated by  empirically derived magnitude-area relationships of Wells and Coppersmith 

(1994). 

 

2.1 THE EARTHQUAKE CATALOGUE 

 

The historical (pre-1900) period earthquake catalogue of the Marmara region, compiled by 

WP7 of MARSITE project, as well as several descriptive catalogues such as Guidoboni and 

Comastri (2005) and Ambraseys (2009) and parametric earthquake catalogues of Stucchi et 

al. (2012) and Albini et al. (2014) were consulted to obtain a catalogue of large magnitude 

events in the Marmara region. The catalogue of the post-1900 period is the one compiled by 

Kadirioğlu et al. (2016), homogenized in magnitude and declustered by the method of 

Gardner and Knopoff (1974). This catalogue was complemented with the catalogue of the 

period 2012 – 2016 compiled in the MARSITE Project. Figure 3 presents the distribution of 

the large magnitude events (Mw ≥ 6.6) while Figure 4 presents the entire seismicity 

catalogue used in the study. 
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Figure 3. The earthquake catalog of the region with Mw ≥ 6.6. 

 

Table 1. The fault source model and associated parameters 

SEGMENT NAME 
LENGTH 

(KM) WIDTH (KM) DIP ANGLE 
SLIP RATE 
(mm/yr) FAULT TYPE 

ASSOCIATED 
HISTORICAL 

EVENTS 

Biga 45 15 87.5 3.0 SSF 123 

Bolu 37 15 90.0 10.0 SSF 1957 

Bolu East 145 15 87.5 23.5 SSF 1668, 1944 

Bursa 43 15 87.5 3.5 SSF 1143 

Can NE 65 15 87.5 2.0 SSF 1737 

Can SW 46 15 87.5 2.0 SSF - 

Central Basin 54 15 85.0 18.0 NSSF 1343 

Cinarcik Basin 46 15 70.0 14.0 NSSF 
1231, 1754, 

1894 

Duzce 47 15 87.5 15.0 SSF 1999 

Ganos 66 15 82.5 19.0 SSF 
1063, 1354, 
1766, 1912 

Gemlik 41 15 87.5 4.0 SSF 1855 

Geyve 63 15 87.5 5.0 SSF 1296 

Izmit 144 15 87.5 20.0 SSF 1719, 1999 

Iznik-Mekece 63 15 87.5 4.0 SSF 1419 

Manyas 33 15 87.5 3.0 SSF 1964 

MMF 66 15 87.5 18.0 SSF 1509, 1766 

Mudurnu 67 15 87.5 10.0 SSF 1967 

Saros 81 15 85.0 20.0 SSF 1859 

Saros2 29 15 70.0 20.0 SSF 1912 

South Marmara 71 15 87.5 3.0 SSF 1556 

Yenice Gonen 68 15 87.5 2.0 SSF 1953 
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Figure 4. The earthquake catalog of the region for the period 1000 AD 

to 2012, complemented with the catalogue of the period 2012 – 2016 

compiled in the MARSITE Project.  

 

3 PROBABILISTIC SEISMIC HAZARD MODEL 
 

Following the seismic hazard modeling study conducted by Erdik et al. (2004) for the 

Marmara region, and with the purpose of updating the model, we have assumed the 

earthquake hazard in the region to be the result of the contributions, computed in following 

two steps: 

(1) Ground motions that would result from the earthquakes in the magnitude range 
from 4.3 to 6.6.  

(2) Ground motion that would result from larger events in the magnitude range 6.8 and 
higher. 

 

Step (1) is termed as “background source activity”, i.e. the activity not associated with the 

main segmented tectonic entities. In this study, undelineated fault sources and small areal 

sources based on spatially smoothed historic seismicity are used as the background 

earthquake source. For the computation of the spatially smoothed seismicity, the 

declustered earthquake catalog of magnitude 4.3 and higher events are used. This catalog is 

considered to be complete since 1850 for magnitudes greater than 5.3, since 1950 for 

magnitudes greater than 4.8 and since 1980 for magnitudes greater than 4.3. These events 

are not assigned to specific faults (the resolution of the neo-tectonic studies that we have 

compiled from literature does not allow such an association), but they are assigned to cells 

of a grid of 0.1 x 0.1. In other words each cell of the grid is assumed to be a potential 

source for moderately sized events. It is also assumed that a Gutenberg-Richter type 
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recurrence relationship governs the earthquake recurrence in these background sources. 

The overall “b” value for the study area is calculated by the modified maximum likelihood 

method proposed by Weichert (1980). In this method, maximum likelihood estimation of the 

earthquake parameters “a” and “b” in the Gutenberg-Richter equation   bMaN log  is 

extended to the case of events grouped in magnitude with each group observed over 

individual time periods. The overall “b” value for the Marmara region has been found to be 

0.87 by this procedure. Following that, “a” values are calculated for each cell. The gridded 

“a” values are spatially smoothed using a two-dimensional Gaussian filter with a decay 

distance of 25 km. Figure 4 presents the gridded Gutenberg-Richter “a” values obtained for 

the study region. 

 

 

Figure 5. A values obtained with a smoothing kernel of 25 km, b = 0.87, 

stars indicate the catalog of the post-1900 period with M<6.8 

 

Step (2) is related to the seismic energy release along well-defined and segmented faults. For 

this part the fault segmentation model that we developed in this study (Figure 2 and Table 1) 

is used with the assumption that energy along these faults are released by characteristic 

events identified by magnitude and recurrence time. The tendency of individual faults with 

segmentation to rupture in “characteristic” magnitude events, has been shown (Schwartz 

and Coppersmith, 1984), which has led to the development of characteristic magnitude 

recurrence model (Youngs and Coppersmith, 1985). The characteristic magnitudes for the 

segments are determined with the help of empirical relationships among magnitude and 

rupture length or rupture area. The relationship between magnitude and fault area for 

strike-slip faults provided in Wells and Coppersmith (1994) is used. The historical seismicity, 

the tectonic models and the known slip rates along the faults constituted the main data used 

in the assignment of the recurrence time. If seismic creep is neglected, over a long time 

period, the seismic moment released by earthquakes should balance the seismic moment 

accumulated by the elastic strain. The slip rates on the three branches of the North 
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Anatolian Fault in Marmara region were adjusted to balance the total slip rate in the region 

(about 24 mm/yr). 

Two models have been used to determine the seismic activity along these segmented linear 

source zones: a time-independent (Poisson) model using a characteristic earthquake 

recurrence relationship; and a time- dependent (renewal) model. The Poisson and the 

renewal models differ in that in Poisson model the probability of occurrence of the 

characteristic event does not change in time, whereas in the renewal model it increases as a 

function of the time elapsed since the last characteristic event. The total hazard in the region 

is calculated as the summation of hazards computed in steps (1) and (2). 

 

3.2 CHARACTERISTIC EARTQUAKE RECURRENCE MODEL: POISSON APPROACH 

 

We consider a fully characteristic model with the recurrence time (Tr) being the basic 

ingredient to compute earthquake probability, both under a time-independent, Poissonian 

assumption and a time-dependent, renewal approach. Since we do not have multiple 

characteristic events associated with the same fault segment, the value of Tr has to be 

derived by the combination of fault rupture parameters. We invoke conservation of seismic-

moment rate as proposed by Field et al. (1999). The mean recurrence time in years (Tr) is 

computed as  

Tr = Mo / μ VA                (1) 

 

where Mo = 10 (1.5M+9.05)/t is the seismic moment rate of the fault segment, M is the 

magnitude, μ is the shear modulus (μ= 30 GPa), V is the long-term slip rate in meters per 

year, defined as the ratio of shear stress to shear strain, and A is the fault area. The annual 

mean rate of characteristic earthquake occurrence is the inverse of the mean recurrence 

time. The coefficients 1.5 and 9.05 (SI units) in Equation 1 are those proposed by Hanks and 

Kanamori (1979), Anderson and Luco (1983), and WGCEP (1995).  

In the Poisson process the probability of occurrence of the next earthquake is independent 

of the time of occurrence of the previous one. The expected recurrence time Tr is the only 

necessary parameter for a uniform Poisson model. The probability of having at least one 

characteristic earthquake on a segment within the time interval ΔT for a homogeneous 

Poisson model is given by the following expression: 

 

  (2) 

where R is the annual earthquake occurrence rate of the segment calculated as: 
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R = 1 / Tr  (3) 

The model is Poissonian since the calculated annual rate of occurrence ( R ) does not change 

with time.  

In Table ? we present for each earthquake source rupture the geologic/geodetic slip rates, 

the characteristic earthquake magnitudes, the faults geometry together with the calculated 

earthquake occurrence rates and the recurrence intervals for each segment in the Marmara 

region. 

 

 

Figure 6. Fault segmentation model (taken from Murru et al., 2016) 

 

Table 2. Return periods and annual rates of occurrence of 

characteristic earthquakes 

SEGMENT 
NAME 

LENGTH 
(KM) 

CHARACTERISTIC 
MAGNITUDE 

SLIP RATE 
(mm/yr) 

FAULT 
TYPE 

WIDTH 
(KM) 

RETURN 
PERIOD 

(yr) 

ANNUAL 
RATE 

(Poisson) 

Biga 45 7.1 3.0 SSF 15 825 0.00121 

Bolu 37 6.9 10.0 SSF 15 150 0.00667 

Bolu East 145 7.5 23.5 SSF 15 130 0.00769 

Bursa 43 7.1 3.5 SSF 15 740 0.00135 

Can NE 65 7.2 2.0 SSF 15 1200 0.00083 

Can SW 46 7.1 2.0 SSF 15 1200 0.00083 

Central 
Basin 54 7.1 18.0 NSSF 15 115 0.00870 

Cinarcik 
Basin 46 7.1 14.0 NSSF 15 175 0.00571 

Duzce 47 7.1 15.0 SSF 15 160 0.00625 

Ganos 66 7.2 19.0 SSF 15 125 0.00800 

Gemlik 41 7.0 4.0 SSF 15 480 0.00208 

Geyve 63 7.2 5.0 SSF 15 500 0.00200 

Izmit 144 7.5 20.0 SSF 15 155 0.00645 
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Iznik-
Mekece 63 7.2 4.0 SSF 15 625 0.00160 

Manyas 33 6.9 3.0 SSF 15 565 0.00177 

MMF 66 7.2 18.0 SSF 15 130 0.00769 

Mudurnu 67 7.2 10.0 SSF 15 235 0.00426 

Saros 81 7.3 20.0 SSF 15 140 0.00714 

Saros2 29 6.8 20.0 SSF 15 70 0.01429 

South 
Marmara 71 7.2 3.0 SSF 15 750 0.00133 

Yenice 
Gonen 68 7.2 2.0 SSF 15 1150 0.00087 

 

3.2 CHARACTERISTIC EARTQUAKE RECURRENCE MODEL: TIME DEPENDENT APPROACH 

 

While the Poisson process seems to be applicable in a global sense in a regional scale, 

extensive paleoseismic and historical seismicity investigations on individual faults indicate a 

somewhat periodic occurrence of large (characteristic) magnitude earthquakes that 

necessitate the use of “time dependent” (or “renewal”) stochastic models (Schwartz and 

Coppersmith, 1984).  

The time dependent model is based on the assumption that the occurrence of large 

(characteristic) earthquakes has some periodicity. The conditional probability that an 

earthquake occurs in the next T years, given that it has not occurred in the last T years is 

given by: 

 










T

TT

T

dttf

dttf

TTP

)(

)(

,  (4)  

where f(t) is the probability density function for the earthquake recurrence intervals, T is the 

elapsed time since the last major earthquake and T is the exposure period (taken as 50 

years). The nominator of this expression is equal to the hatched area, and the denominator 

is equal to the total shaded area under the lognormal probability density function 

schematically drawn in Figure 7. Various statistical models have been proposed for the 

computation of the probability density function, such as Gaussian, log-normal, Weibull, 

Gamma and Brownian.  
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Figure 7. Calculation of conditional probability from a probability 

density function 

 

Here we have used the Brownian Passage Time (BPT) distribution, defined with the mean 

recurrence interval and the aperiodicity of the mean time, . The probability density 

function for the Brownian Passage Time distribution can be expressed as: 

 






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
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( 1) 

where μ is the mean recurrence interval and α is the aperiodicity. The computation starts at 

the time of the last characteristic earthquake that occurred on each segment, and the 

elapsed time is reset to zero upon the occurrence of every subsequent characteristic event. 

The aperiodicity parameter describes how regularly or irregularly characteristic earthquakes 

are expected to occur on any fault. This parameter is ordinarily derived from the coefficient 

of variation of actual observed recurrence time intervals on individual faults and can be 

reinforced with geological evidence (Ellsworth et al., 1999; Cramer et al., 2000). In the 

absence of any statistical assessment on aperiodicity due to the low number of events 

reported on each segment of the NAFZ, the conditional probabilities for each fault segment 

are calculated assuming an aperiodicity “α” value as 0.5. These probabilities are said to be 

conditional since they change as a function of the time elapsed since the last earthquake. 

The 50 year conditional probabilities thus calculated are converted to effective Poissonian 

annual probabilities by the use of the following expression (WGCEP, 1995): 

Reff = -ln(1 – Pcond) / T  (6) 
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Table 3. Time dependent 50 years probabilities and corresponding 

annual rates of occurrence of characteristic earthquakes 

SEGMENT 
NAME 

ANNUAL RATE 
(Poisson model) 

LAST 
CHARACTERISTIC 

EVENT 

TIME SINCE LAST 
CHARACTERISTIC 

EVENT 

50 YEAR 
CONDITIONAL 
PROBABILITY 

(Renewal) 

ANNUAL RATE 
(Renewal 

model) 

Biga 0.00121 123 1892 0.12705 0.00272 

Bolu 0.00667 1957 58 0.30420 0.00725 

Bolu East 0.00769 1944 71 0.45299 0.01207 

Bursa 0.00135 1143 872 0.13294 0.00285 

Can NE 0.00083 1737 278 0.00326 0.00007 

Can SW 0.00083 - 1000 0.07225 0.00150 

Central Basin 0.00870 1343 672 0.58835 0.01775 

Cinarcik Basin 0.00571 1894 121 0.39448 0.01003 

Duzce 0.00625 1999 16 0.04992 0.00102 

Ganos 0.00800 1912 103 0.54558 0.01577 

Gemlik 0.00208 1855 160 0.04967 0.00102 

Geyve 0.00200 1296 719 0.19793 0.00441 

Izmit 0.00645 1999 16 0.05769 0.00119 

Iznik-Mekece 0.00160 1419 596 0.14505 0.00313 

Manyas 0.00177 1964 51 0.00005 0.00000 

MMF 0.00769 1766 249 0.58186 0.01744 

Mudurnu 0.00426 1967 48 0.05209 0.00107 

Saros 0.00714 1859 156 0.53494 0.01531 

Saros2 0.01429 1912 103 0.79969 0.03216 

South Marmara 0.00133 1556 459 0.08860 0.00186 

Yenice Gonen 0.00087 1953 62 0.00000 0.00000 

 

In some cases we have recurrence times Tr smaller than the elapsed time since the last 

earthquake. These values have a major influence on the probability from the renewal 

models. for the next 50 years, the largest time-dependent probability values are found for 

the Central Basin, MMF, Ganos, Saros1-2 segments in the central and eastern part of the 

Marmara Sea region, near the city of Istanbul (Table 3). The highest time-dependent 

probability value is calculated for the Saros2 segment (80%). Such probability is due to the 

elapsed time (104 years), by its last characteristic event (1912), well beyond the average  

recurrence time of 70 years (Table 2 and 3). The Central Basin and MMF segments have BPT 

probabilities equal to 58.2% and 58.8%, respectively (Table 2 and 3). These segments show 

long lapsed times (672 and 249 years) that are several times larger than theirs calculated 

inter-event times 130 and 115 years, respectively. 

 

4 APPLICABILITY OF GROUND MOTION PREDICTION EQUATIONS AND LOGIC 

TREE 

An important parameter in the quantification of the seismic hazard is the identification of 

applicable ground motion prediction models (GMPEs). To represent the epistemic 
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uncertainty in ground motion modeling we aimed to use both global and regional GMPEs 

and combine the results in a logic tree. A recent study on the applicable GMPEs in Turkey 

was conducted within the context of the project related with update of the probabilistic 

seismic hazard assessment for Turkey. The selection and weighting scheme of the equation 

sets in this project are presented in detail in Kale et al. (2016). Here we have adopted the 

same GMPE logic tree composed of Akkar et al. (2014), Akkar and Cağnan (2010), Chiou and 

Youngs (2008) and Zhao et al. (2006) with weights 0.3, 0.3, 0.3 and 0.1 respectively.  We 

have investigated the applicability of the selected GMPEs to the Marmara region, by 

comparing them with recorded ground motion amplitudes from regional earthquakes. The 

strong ground motion databases made available by Disaster and Emergency Management 

Authority of Turkey - AFAD (http://daphne.deprem.gov.tr) and Boğaziçi Univeristy Kandilli 

Observatory and Earthquake Research Institute - KOERI (http://udim.koeri.boun.edu.tr/ ) are 

searched for this purpose. We have selected five events in the Marmara region with 

magnitude >=5.0 as summarized in Table 4. Some sample comparisons for recorded PGA are 

given in Figure 8 to Figure 11. The comparisons have yielded favorable results for the tested 

GMPEs. For this reason we have decided to use the same GMPE logic tree structure in the 

hazard computations.  

 

Table 4.  Earthquakes used for comparison of recorded PGA with 

selected GMPEs 

Date Location Mw Records Number of 
recordings 

Distance Range 
of recordings 

(km) 
05/07/1983 Biga 6.1 AFAD 5 35 - 90 
13/09/1999 Kocaeli 5.8 AFAD 15 5 - 350 
23/08/2000 Akyazı  5.3 AFAD 11 10 - 300 
24/10/2006 Gemlik Bay 5.0 AFAD 30 7 - 200 
25/07/2011 Marmara 

Sea 
5.1 AFAD 35 20 - 200 

 

 

 

http://daphne.deprem.gov.tr/
http://udim.koeri.boun.edu.tr/
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Figure 8.  Comparison of recorded PGA from the 05.07.1983 Biga 

earthquake with selected GMPEs 

 

  

  
Figure 9.  Comparison of recorded PGA from the 13.09.1999 Koceli 

earthquake aftershock with selected GMPEs 

 

05.07.1983 Biga-Canakkale 

13/09/1999 Kocaeli 
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Figure 10.  Comparison of recorded PGA from the 23.08.2000 Akyazı 

earthquake with selected GMPEs 

 

 

 

  
Figure 11.  Comparison of recorded PGA from the 25.07.2011 

Marmara Sea earthquake with selected GMPEs 

 

 

 

23/08/2000 

Akyazı 

25/07/2011 Marmara Sea 
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5 SOFTWARE USED IN THE COMPUTATION OF THE SEISMIC HAZARD 

 

We have used the recently developed Openquake software (Pagani et al., 2014) to compute 

the seismic hazard. The gridded seismic sources have been modeled with the “point source” 

option while the linear sources have been modeled with the “characteristic fault source” 

option of Openquake. OpenQuake is built on open-source and open-standard and freely 

available (www.globalearthquakemodel.org). The key features of are the state-of-the art 

seismic source representation, advance treatment of uncertainties and various options for 

hazard calculators. Individual sources were parameterized in accordance with the OQ User’s 

Manual (Crowley et al 2015), which defines a seismic source with geometry parameters and 

a seismicity occurrence model. The geometry implies definition of source type (e.g. a point 

source, an area source or a linear source), source location, depth and style-of-faulting which 

can be expressed in terms of a percentage distribution of different mechanisms. Crustal 

faults were modeled as simple faults, described as a fault surface projected along strike and 

dip. A truncated Guttenberg-Richter magnitude frequency distribution, defined by the 

activity parameters (a- and b-value), lower and upper magnitude is used to characterize the 

point sources (modeling the background seismicity) while a characteristic recurrence model 

which allows the entire fault segment to rupture with the characteristic magnitude at the 

defined annual rate of occurrence is used to model the seismic hazard caused by the faults.  

 

6 RESULTS AND DISCUSSION 

 

For regional hazard maps it becomes essential to quantify seismic hazard associated with a 

certain ground condition, so-called the ‘reference ground’, from which the ground motion 

for other types of ground condition can be inferred. In this study NEHRP B/C Boundary 

(characterized with a 30 m average shear wave propagation velocity of 760m/s) is used as 

the reference ground. The results obtained for 10 and 2% probabilities of exceedence in 50 

years for PGA for the Poisson and renewal models are presented in Figure 12 to Figure 15. In 

Figure 16 to Figure 19 the 5% damped spectral accelerations at T=0.2 s are given for Poisson 

and renewal models. Similarly Figures 20 to 23 present the contour maps of 5% damped 

spectral accelerations at T=1.0 s. 

 

http://www.globalearthquakemodel.org/
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Figure 12.  PGA contour map at NEHRP B/C boundary site class for 

10% probability of exceedence in 50 years (Poisson model). 

 

 

Figure 13.  PGA contour map at NEHRP B/C boundary site class for 

10% probability of exceedence in 50 years (Renewal model). 

 

 

Figure 14.  PGA contour map at NEHRP B/C boundary site class for 2% 

probability of exceedence in 50 years (Poisson model). 
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Figure 15.  PGA contour map at NEHRP B/C boundary site class for 2% 

probability of exceedence in 50 years (Renewal model). 

 

 

Figure 16.  5% damped SA (T = 0.2s) contour map at NEHRP B/C 

boundary site class for 10% probability of exceedence in 50 years 

(Poisson model). 
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Figure 17.  5% damped SA (T = 0.2s) contour map at NEHRP B/C 

boundary site class for 10% probability of exceedence in 50 years 

(Renewal model). 

 

 

Figure 18.  5% damped SA (T = 0.2s) contour map at NEHRP B/C 

boundary site class for 2% probability of exceedence in 50 years 

(Poisson model). 
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Figure 19.  5% damped SA (T = 0.2s) contour map at NEHRP B/C 

boundary site class for 2% probability of exceedence in 50 years 

(Renewal model). 

 

 

Figure 20.  5% damped SA (T = 1.0) contour map at NEHRP B/C 

boundary site class for 10% probability of exceedence in 50 years 

(Poisson model). 
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Figure 21.  5% damped SA (T = 1.0) contour map at NEHRP B/C 

boundary site class for 10% probability of exceedence in 50 years 

(Renewal model). 

 

 

Figure 22.  5% damped SA (T = 1.0) contour map at NEHRP B/C 

boundary site class for 2% probability of exceedence in 50 years 

(Poisson model). 
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Figure 23.  5% damped SA (T = 1.0) contour map at NEHRP B/C 

boundary site class for 10% probability of exceedence in 50 years 

(Renewal model). 

 
Figure 24 and Table 5 present a comparison of hazard curves and return period specific 

ground motion values for four major cities in the study area, namely Istanbul, Tekirdağ, 

Bursa and Kocaeli. For the first three cities we obtain about 10 to 20% larger hazard values 

when considering time dependency in the hazard assessment, while for the city of Kocaeli, 

that experienced a recent major earthquake, time dependent hazard is much reduced. The 

effect of the earthquake activity that took place by the end of the 20th century in the 

Marmara region is reflected in the ground motion contour maps in general where the 

renewal models reveal lower estimations of ground motion values in the areas hit by the 

1999 Kocaeli and Düzce earthquakes and higher estimations of ground motion values in 

Istanbul and Marmara Sea region in general. 

475 years (10% probability of exceedance in 50 years) PGA values of 0.40 g and 0.48 g are 

obtained for Istanbul city center from Poisson and renewal models respectively. The results 

are approximately 8% larger than those obtained by Erdik et al. (2004), which can be 

considered as the previous version of the present study, as both assessments rely on the 

same methodology. The update of underlying data and models could account for the 

changes (either decrease or increase) in both Poisson and renewal model cases, while the 

increase of the elapsed time since the last characteristic earthquake (about 12 years) would 

have an additional effect on the results obtained from the time dependent model. This is 

much better observed from the seismic hazard in Izmit region. Considering the Poisson 

approach we observe about 30% decrease in 475 years PGA obtained from Poisson model 

(caused by model updates both in terms of source characterization and GMPEs) while this 

decrease is only 14% in the time dependent approach (effect of the elapsed time since the 

last characteristic earthquake).  
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Figure 24.  Renewal vs. Poisson comparison of PGA hazard curves for 

four cities 

Table 5.  Comparison of Poisson and Renewal model results for four 

cities 

 Return 
Period 
(yrs) 

POISSON RENEWAL RENEWAL/POISSON 

PGA  
(g) 

SA 
0.2s 
(g) 

SA 
1.0s 
(g) 

PGA 
 (g) 

SA 
0.2s 
(g) 

SA 
1.0s 
(g) PGA SA 0.2s SA 1.0s 

ISTANBUL 
475 0.397 0.952 0.304 0.479 1.163 0.384 121% 122% 126% 

2475 0.697 1.732 0.558 0.802 2.046 0.672 115% 118% 120% 

TEKIRDAG 
475 0.466 1.133 0.343 0.564 1.376 0.443 121% 121% 129% 

2475 0.816 2.045 0.630 0.937 2.351 0.764 115% 115% 121% 

BURSA 
475 0.330 0.788 0.235 0.365 0.871 0.265 111% 111% 113% 

2475 0.616 1.519 0.438 0.681 1.691 0.498 111% 111% 114% 

IZMIT 
475 0.543 1.295 0.424 0.300 0.706 0.239 55% 55% 56% 

2475 1.079 2.674 0.937 0.634 1.541 0.497 59% 58% 53% 
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Table 6.  Comparison of the results of the present study with Erdik et 

al. (2004)  

 POISSON RENEWAL This study / Erdik et al. (2004) 
PGA (g)  
475 years   

Erdik et al. 
(2004) This study 

Erdik et al. 
(2004) This study POISSON RENEWAL 

ISTANBUL 0.37 0.40 0.45 0.48 108% 107% 

TEKIRDAG 0.40 0.47 0.44 0.56 119% 127% 

BURSA 0.33 0.33 0.30 0.36 100% 120% 

IZMIT 0.77 0.54 0.35 0.30 70% 86% 

 

7 DIRECTIVITY EFFECTS 

 

We also focused on the uncertainty reduction, which can be achieved by refining the ground 

motion predictive equations (GMPEs) and improving the statistical treatment of the 

explanatory variables.  We used a refined predictive equation, which accounts for the 

rupture mechanism and the rupture direction relative to the site, which severely influence 

the azimuthal variability of the ground motion. We incorporated the available information 

about the seismic potential of the Marmara Region in a PSHA framework. The hypocenter 

position was varied by assigning a proper density distribution and in which is not necessarily 

uniform as demonstrated by Aochi and Utrich (2015) and Akinci et al., (2016). The capability 

of incorporating informed pdf distribution for rupture related parameter in the PSHA 

formulation is a fundamental step towards a novel integrated approach to PSHA. We then 

used an analytical model proposed by a Spudich and Chiou (2008, and its latest 

implementation, Spudich et al., 2013) to correct the ground motion predictive equations for 

rupture directivity and incorporate rupture related parameters inside the PSHA standard 

procedure. Results are given in terms of 10% probability of exceedance of a pseudo-spectral 

acceleration (at several periods from 0.5 s to 10 s) in 50 years on rock site condition using 

the Abrahamson and Silva (2008) and Boore and Atkinson (2008) predictive equations 

(Figure). This study is submitted to BSSA as Spagnuolo et al., (2016) and results are 

presented in the Annual Meeting of European Geosciences Union in April 2016. 

The directivity effect - Incorporation of a Corrective Factor to Account for Near-Source 
Effects in Ground Motion 
We use the analytical model of Spudich and Chiou (2008, hereafter SC08) which modifies 
the GMPEs as corrective factor. SC08 accounts for rupture related parameters that generally 
lump together into the term “directivity effect” (Benioff, 1955; Kasahara, 1960; Ben-
Menahem, 1961). The analytical model acts as an additive term to the GMPEs of the NGA 
and its functional form is searched over both an empirical data-set and a database of 
synthetic simulations: the use of synthetic simulations guarantees a complete azimuthal 
coverage and, more generically, an efficient sampling that accounts for all the possible 
values of the source parameters involved in the computation. SC08 is based on a formalism 
derived from the isochrones theory (Spudich and Frazer, 1984) - a high frequency 
representation of the seismic rupture where the source contribution at any given time and 
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station is represented by a line on the fault plane called an isochrone. 

The directivity effect is associated to the interference phenomena of waves emitted from 
the simultaneous rupture of points along the rupture front. Directivity can be modelled by 
considering the fact that the energy is modulated (compressed or dilated) by the travelling 
time of the interfering waves. The effect is expected to be higher when a large portion of 
the fault is rupturing in the direction of a site Thus the isochrone velocity (c') is directly 
proportional to the isochrone spacing and it is defined as the ratio between the distance D 
from the hypocenter to the point on the fault closest to the site and the difference of the 
arrival times of the S waves travelling from these two points.  In the two-dimensional case, 
c' is equal to the commonly used expression for the directivity function (Joyner, 1991) 
divided by β, the S wave velocity. 

In summary, SC08 accounts for the fraction of rupture surface lying between the hypocenter 
and the point on fault closest to the site (D), the isochrone velocity ratio (c') and the 
radiation pattern (rp) which spatially modulates the ground motion amplitudes. The SC08 
depends on the spectral period (T), ranging between [0.5-10] seconds. It can be synthesized 
as follows: 

fsc2008 (T) = fM (M) fR (R) [a (T) + b (T) IDP]                                            

                                                   IDP = C (c’) S (D) RP (rp)                                                                        
where S, C and RP are functional forms of D, c' and rp respectively); a(T) and b(T) are 
regression parameters; fM and fR are tapering functions depending on magnitude (M) and 
distance (R), respectively. The SC08 is effective from T≥0.5 up to T=10 sec, the highest is the 
period the highest the efficacy of the correction. Moreover, the authors provide analysis of 
the inter-event residuals against several independent variables to resolve the most relevant 
parameters for the corrective factor. They reported no significant correlations with rupture 
velocity, magnitude, S-wave velocity of the first 30 meters (VS30), fault dip or rake, which 
therefore can be introduced independently in the proposed strategy. According to Spudich 
and Chiou (2008), the use of the correction for directivity as an additive term to the NGA-
West ground motion predictive equations for rock sites produces a reduction of the 
uncertainty sigma (σ) to quantify in up to 16% for 10 s. The incorporation of the corrective 
factor also implies a reduction in the uncertainty sigma, with consequence on the PSHA. 

To do so, we incorporate a corrective factor to account for near source effects in ground 
motion prediction. The current package of the computer codes available on the U.S. 
Geological Survey (USGS) Web site 

 (http://earthquake.usgs.gov/hazards/products/conterminous/2008/software)  

has been modified for PSHA computation in Italy and it accounts for source related effects 
in ground motion estimation (Spagnuolo et al., 2012). In this study we have implemented 
and modified the USGS seismic hazard computer code, adding the SC08 factor to two of the 
existing NGA equations, the Abrahamson and Silva (2008) and the Boore and Atkinson 
(2008) for rock sites with Vs30=1100. We used the characteristic earthquake method and a 
Poissonian time independent approach to the PSHA. 

The two segments closer to Istanbul were considered here for calculations: the Central 
Marmara Basin (CMF) and the Cinarcik (CF). The two segments are assumed to have a near-
vertical dip angle, as well as adopt right-lateral slip as suggested by geological, seismological 
and GPS data. The maximum expected magnitude for each segment is assigned on the basis 
of the last observed instrumental or last historical large earthquakes that are consistent 
with source-scaling relations (Wells and Coppersmith, 1994). The occurrence rate (α) for 

http://earthquake.usgs.gov/hazards/products/conterminous/2008/software
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PSHA is computed from the slip rate. All the values are reported in Table 1. 

 

RESULTS 
Results are given in terms of the seismic hazard curves for the city of Istanbul derived both 
from the standard formulation and the modified one which takes in to account rupture 
directivity effect (Figure 25). We observed that the effect of the rupture directivity is to 
increase the seismic hazard estimations up to 25% and to predict a reduction up to 15% 
along the two considered segments (the CMF and the CF) of the North Anatolian faults 
system at 2 sec. The effectiveness of the correction for directivity depends on the period of 
the spectral acceleration and its contribution is higher at larger periods. 

 

 

Figure 25. Seismic hazard curves obtained using the conventional 

formulation (solid lines) and the corrected formulation with the 

directivity effect (dashed line) as a function of the five spectral periods 

and the for return periods of 475 and 2475 years calculated for the 

fault system of Central Marmara Fault (CMF) and Cinarcik (CF) a): The 

worst case scenario for the city of Istanbul. b): The informed scenario. 
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