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ABSTRACT
In this study, we show the effect of time-independent and time-dependent occurrence models on the
seismic hazard estimations. The time-dependency is introduced by 1) the Brownian Passage Time
(BPT) probability model that is based on a simple physical model of the earthquake cycle 2) the fusion
of the BPT renewal model (BPT+CFF) with a physical model that considers the earthquake
probability perturbation for interacting faults by static Coulomb stress changes. To do so, we calculate
the probability of occurrence of earthquakes Mw > 6.5 for individual fault sources in the Marmara
region for the 5-10-30 and 50-year periods (starting from January 1, 2013). We treat the uncertainties
in the fault parameters (e.g. slip rate, characteristic magnitude and aperiodicity) of the statistical
distribution associated to each examined fault source by a Monte Carlo technique. Then the
probabilities of occurrence for the next characteristic earthquake are calculated from three different
models (Poisson, BPT, and BPT+CFF) considering the 10th, 50th and 90th percentiles of the Monte
Carlo distribution.
In order to evaluate the impact of the earthquake probability models to ground motion hazard we
attempt to calculate the fault-based probabilistic seismic hazard maps (PSHA) of mean Peak Ground
Acceleration (PGA) having 10% probability of exceedance in 50 years on rock site condition. We note
that in the present study we did not take in to account the ground motion variability caused by the
different GMPE choices. In fact only one GMPE model is chosen as defined by Akkar and Cagnan
(2010) (hereafter, AC10) for the active shallow crustal region for assessing the ground shaking hazard
in the Marmara region in order to avoid those variability’s effect the final seismic hazard estimations
in the study region.
We observed that the impact of the different occurrence models on the seismic hazard estimate of
selected sites is quite high: the hazard may increase by more than 70% or decrease by as much as 70%,
depending on the applied model. We demonstrated that the estimated average recurrence time and the
associated magnitude together with the elapsed time are crucial parameters in the earthquake
probability calculations.
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INTRODUCTION
Recent studies confirm that present-day loading, slip deficit and thus seismic hazard appear to be
particularly high along the segments located in the Marmara Sea, southwest of Istanbul (Armijo et al.
2005; Pondard et al., 2007). As a consequence of stress transfer due to the August 17, 1999 Mw7.4
Izmit earthquake another large and destructive earthquake is now expected to occur further west along
the North Anatolian fault to strike Istanbul with a probability of strong shaking of 62±15% over the
next 30 years (Parson et al., 2000). Because of the real earthquake threat in the Marmara region, the
need for seismic hazard studies has become progressively more important (Atakan et al., 2002; Erdik
et al., 2004; Kalkan et al., 2005; Gulerce and Ocak, 2013).
The objective of this study is to evaluate the uncertainty in the earthquake hazard related to the
uncertainty in the geologic information and the impact of the different earthquake occurrence models
to the seismic hazard in the Marmara Region using a PSHA methodology. The consideration of
epistemic uncertainties serves both to quantify the range of seismic hazard for a given exceedance
probability and also importantly to illustrate which model assumptions lead to the most significant
variation in the estimated hazard.
Based on recent geological and seismological findings available in literature, first of all, we
develop a fault segmentation model as shown in Figure 1. The first step to build this model was to
define the geometry of the fault system of each NAFZ branches on the basis of its structural
arrangement. The fault system is reconstructed at both surface and depth. In particular, the
reconstruction of the fault traces at the surface benefits of the recognition of the surface ruptures
produced by recent earthquakes (e.g. 1999, 1912, and 1894). In the second step we define fault
segments as those faults that are supposed to be bounded by permanent barriers. We analyzed the
possible factors of the fault system able to act as potential, permanent barriers to rupture propagation.
These factors are those controlling rupture propagation in terms of pure geometric fault complexities
(e.g. jogs and fault-bends) (Segall and Pollard, 1980; Barka and Kandisky-Cade, 1988; Wesnousky,
1988; Lettis et al., 2002; An, 1997), of rupture dynamics (Sibson, 1985; Harris and Day, 1999; Kase
and Kuge, 2001), or in terms of behavioural characteristics. Such well-constrained data integration is
necessary to compute more realistic scenarios of ground acceleration on the Marmara region and, in
turn, of the basis for future models of seismic hazard assessment.

Figure 1 Fault segmentation model for the Marmara region.

Earthquake recurrence rates are calculated assuming the characteristic earthquake model for
the events Mw > 6.5. The return periods estimated are based on the slip rate hypotheses, which were
derived from Table 1. In fact, the recurrence time (Tr) is the basic ingredient to compute earthquake
probability, both under time-independent, Poissonian assumption and in time-dependent, renewal
approaches. It is the recurrence intervals or inter-event time between similar-sized, maximum expected
earthquakes on the individual source. Since we do not have multiple characteristic events associated to
the same fault segment the value of Tr has to be derived by the combination of fault rupture
parameters. We invoke the criterion of “segment total seismic moment rate conservation”, proposed
by Field et al. (1999) allowing multi-segments ruptures.
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Table 1. Fault parameters used in the modeling: kinematics (SS=strike-slip; N=normal); slip rate (SR);dip angle (Dip); length (L);
depth (H); width (W); last event age; Maximum expected magnitude (M), computed by instrumental or historical data; otherwise by
fault geometry (Wells and Coppersmith, 1994); penultimate event.

EARTHQUAKE RECURRENCE MODELS
We then use three probability models to represent the recurrence time probability distribution for
earthquakes on single sources: the time-independent Poisson model, time-dependent BPT model and
one based on the BPT distribution including the permanent effect of the stress interaction among
faults. For a uniform Poisson model the expected recurrence time Tr is the only necessary piece of
information. Its earthquake hazard is constant in time and the probability density function (pdf) is a
negative exponential function:
 t 
1
f (t )  exp  
Tr
 Tr 
(1)
where t is the elapsed time since the latest characteristic earthquake, and Tr is the mean inter-event
time.
For the BPT distribution, also known as the inverse Gaussian distribution, the hazard function
(e.g. the instantaneous value of the conditional rate density) starts from zero soon after an event, it
increases as the elapsed time from the last characteristic event approaches the recurrence time, and
then is asymptotic to some constant level for elapsed times much larger than the average elapsed time.
The pdf (Matthews et al., 2002) is given by:
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where t is the elapsed time from the last characteristic event and , dimensionless measure, is the
coefficient of variation (also known as the aperiodicity) of the distribution. The aperiodicity parameter
describes how regularly or irregularly characteristic earthquakes are expected to occur on any timedependent 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). This variation coefficient is given by the ratio of the
standard deviation of inter-event times between large events that rupture all or most of a given fault
segment over the mean recurrence time for that segment. The smaller are α values, the higher is the
probability of occurrence for elapsed times long compared to the mean recurrence time. On the other
hand, as the α value increases and approaches unity, the process becomes less strongly quasi-periodic
and becomes increasingly Poisson like. It is a key parameter in time-varying probability calculations.
In this study, in the absence of any statistical assessment, due to the low number of events reported on
each segment, we have considered for the variability of the aperiodicity a range from 0.3 to 0.7.
The time-dependent probability calculation follows the renewal hypothesis of earthquake regeneration
such that earthquake likelihood on a fault is lowest just after the last event. As tectonic stress grows,
the odds of another earthquake increase. In fact, according to the theory of elasticity, the co-seismic
slip of an earthquake associated with a certain fault segment results in a redistribution of the stress in
the surrounding crustal volume. The interaction is taken into consideration by the computation of the
Coulomb static stress change, as the Coulomb Failure Function change (∆CFF), caused by previous
earthquakes on the concerned fault (King et al., 1994). The stress change CFF on an individual fault
is computed adding the contributions from all the other sources that have ruptured after the latest
known earthquake on the considered fault. The computation is carried out all over the source area. The
algorithm for CFF calculation assumes an Earth model such as a half space characterized by uniform
elastic properties. For calculating the Coulomb Failure Function, the knowledge of the fault
parameters of the causative and the receiving sources, as well as the focal mechanism (strike, dip, and
rake), dimensions (width and length) and average slip for all the triggering earthquakes is necessary.
In absence of direct information about the slip distribution for the causative earthquakes considered in
this study, we have assumed for all of them a distribution consistent with a uniform stress drop on the
rectangle of the segment fault. We have calculated the slip distribution that satisfies the condition of
zero slip on the edge and maximum at the center on the rectangle of the causative source (Console et
al., 2008 and 2013). The calculation is carried out for each node of a dense rectangular grid. The
maximum value of the slip is defined through the relation
(3)

∆

where μ is the shear modulus (rigidity) of the elastic medium, W and L the dimensions of the causative
fault and M0 is the seismic moment derived from the Kanamori and Anderson (1975) relation.
The effective friction coefficient adopted in this study is 0.4, which is closer to friction value for major
faults (Harris and Simpson, 1998). The effect of ΔCFF on the probability for the future characteristic
earthquakes assumes that the time elapsed since the previous earthquake is modified from t to t′ by a
shift, t, proportional to ΔCFF, that is
t’ = t +t = t + (CFF / τ )
(4)
where τ is the tectonic stressing rate (also named tectonic loading rate), supposed unchanged by the
stress perturbation, estimated from the slip rate (ύ) and the weight and length of the earthquake
source (Console et al., 2008):
µ.ύ / π2 (W L) 1/2
(5)
Where μ is the shear modulus of the elastic medium, and W and L are the width and the length of the
fault. Since the Coulomb stress change ∆CFF varies over the surface of the target fault segment,
ranging typically from negative to positive values, we take a random value drawn from a distribution
computed on the nodes of a regular grid reflecting the spatial pattern on the fault, rather than using the
average for the whole fault (e.g., Parsons, 2004). By the modification of the occurrence time due to
clock change, t, defined in equation (4) we have recalculated the probability of occurrence starting
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from January 1, 2013 for a given time period (5-10-30-50 years) for the 26 faults of the Marmara
region.

PROBABILITY OF OCCURRENCES FROM ERF MODELS
In fact, one of the main goals of this study has been the computation of the occurrence probability of a
characteristic earthquake for the 5-10-30- and 50 year periods (starting from January 1, 2013) on 26
individual seismogenic sources in the Marmara region (Figure 1), considering the uncertainties in the
slip rate, characteristic magnitude and aperiodicity of the statistical distribution associated to each
examined fault source, by a Monte Carlo technique. Consequently another parameter comes into play
is the average recurrence time. The Monte Carlo samples for all these parameters have been drawn
from a uniform distribution within their uncertainty limits. The overall uncertainty of the recurrence
rates is determined by varying the fault/source parameters simultaneously.
Such probability for each fault was calculated using three earthquake recurrence models:
time-independent (Poisson), time-dependent (BPT) and time-dependent with inclusion of CFF effect
(BPT+CFF) by varying the magnitude and recurrence times verify also in a series of Monte Carlo
runs. Then, for each fault segment, among the inter-event time 1000 outcomes, the probability of
occurrence was sorted into ascending order, and the 10th, 50th and 90th percentiles were identified. In
this computation the parameters coming into play are the uncertainty in the maximum expected
magnitude and slip rate. In Figure 2 we give for the three model probability values related to 10th, 50th
and 90th percentile of Monte Carlo distribution for the given time intervals.
When we consider the 50th percentile for the next 50 years, according to Poisson and BPT
models, we can observe that the largest value of the occurrence probability for the Poisson probability
are on the faults Manyas (#20), Cinarcik (#2), West Marmara (#5) and Duzce (#11). While the largest
value of the occurrence probability from BPT renewal model may be observed for Cinarcik (#2),
Western Marmara (#5) and Bursa (#17) faults (Figure 2).

Figure 2. Occurrence probability of a characteristic earthquake e on each fault segment over 5-10-30 and 50
years starting on January 1, 2013 according to Poisson, BPT and BPT+CFF with stress inclusion models. For
each model the probability values related to 10th, 50th and 90th percentiles are shown in the plot.

EFFECT OF FAULT PARAMETERS ON THE HAZARD MAPS
We have also considered the impact of fault parameter uncertainties (maximum magnitude, and slip
rates) on the ground motion hazard for Poisson and BPT forecasting models. Results are presented as
5
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the variability of ground motion by uncertainty maps in the PGA (in units of acceleration, g%) hazard
level of 10% exceedance in 50 years (Figure 3a, b, c, and d). We note that in the present study we did
not take in to account the ground motion variability caused by the different GMPE choices. In fact
only one GMPE model is chosen as defined by AC10 for the active shallow crustal region for
assessing the ground shaking hazard in the Marmara region in order to avoid those variability’s effect
the final seismic hazard estimations in the study region. However, we believe that the uncertainty in
the hazard estimates may be reduced significantly by properly modeling the seismic sources and
selecting suitable ground motion models and will be the future research in a separate study.
To generate uncertainty maps, the difference between the 50th and 10th percentiles and the 90th
th
and 50 percentiles are selected to indicate the value to be added (Figures 3a and 3c) or subtracted
from the hazard map value (Figures 3b and 3d) to obtain the upper and lower limits. As a summary for
the maps we can say that the uncertainties are larger around the Izmit (#1), Duzce (#11), Pazarkoy
(#24), south Saros (#8), and Manyas (#20) faults area for the time-dependent hazard (around +0.40 g)
respect to Poisson case (+0.10 g).

Figure 3. The uncertainty maps in the PGA (in units of acceleration, g%) hazard level of 10% exceedance in 50
years in the Marmara Region; a) the difference between the 50th and 10th percentiles and; b) the difference
between the 50th and 90th percentiles, for time-independent Poisson forecasting model; c) the difference between
the 50th and 10th percentiles and; d) the difference between the 50th and 90th percentiles, for time-dependent BPT
forecasting model.

EFFECT OF PROBABILITY OCCURRENCE MODEL ON THE HAZARD MAPS
The results obtained for the next characteristic earthquake occurrence probability when the uncertainty
of the three different earthquake recurrence models is considered, relatively to the 50th percentile of
the Monte Carlo distribution, have been the fundamental ingredients for the computation of the PSHA
maps of mean PGA on rock having 10% probability of exceedence for the 50 yrs time period starting
on January 1, 2013. The comparison among the percentage ratio between the seismic hazards
computed by the used three models give us the sensitivity of the ground motion hazard for the
earthquake recurrence models.
Figure 4a, b and c show the percentage ratio between the 50th percentile seismic hazards computed
with the three models, respectively. It is presented as a relative difference in percentage, computed as:
{[PSHAModel1-PSHAModel2]/PSHAModel2}* 100.
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The PSHA results based on the time-independent and time-dependent earthquake occurrence models
display the effect of the fault recurrence rate and the regency of fault rupture by drastically reducing
hazard levels along the eastern part of the NAF zone reaching up to 60-70% nearby Izmit (#1), Duzce
(#11), Gonen (#22), Biga (#23) and Pazarkoy (#24) areas. Between models BPT and BPT+CFF, the
effectiveness of the model choose is lower at the PGA estimation; the increase is up to few percentage
and the decrease is up to 20-25%. At SNAF Strands; Pazarkoy (#24), Can (#25) and Ezine (#26) of
and the North Saros fault we observed 5% and 10% of decrease in the seismic hazard while this
change reaches up to 30-40% around the Izmit and Bolu area due to the negative fault interaction.

Figure 4. It represents the ratio between the 50th percentiles PGA seismic hazard at a) {[PSHAPoissonPSHABPT]/PSHABPT}100, Poisson and BPT (%10 in 50 yrs.), b) {[PSHAPoisson-PSHABPT+CFF]/PSHABPT+CFF}100,
Poisson and BPT+CFF (%10 in 50 years), c) {[PSHABPT-PSHABPT+CFF]/PSHABPT+CFF}*100, BPT and BPT+CFF (%10
in 50 yrs.) calculated using the background seismicity and individual fault segments. In red: positive amplifications. In blue:
negative amplifications.

CONCLUSIONS
In this study epistemic uncertainties were considered in the fault-based component of the earthquake
rupture forecast. However, epistemic uncertainties were not considered in the parameters (including
their spatial correlation) that define the Gutenberg–Richter distribution for background seismicity
sources. A methodology for consideration of uncertainties in background source is therefore clearly
warranted in order to assess the minimum magnitude and/or b- value parameters uncertainty. The
future effort will be devoted to defining and quantifying uncertainties in these parameters in a separate
study.
Finally, this study is focused on the uncertainties of the parameters of the fault-based component of
the earthquake rate forecast and on the earthquake rate forecast methodology itself. We pointed out
that the level of complexity in treating time dependent models in the hazard calculations. Therefore,
the new maps introduce significant improvements over the previous seismic hazard maps of the region
in terms of seismic source characterization, parameterizations and as well as earthquake rate
forecasting models. These information are adopted uncertainties on the source parameters is included
through a Monte Carlo approach. We estimate the uncertainties of the 10-30- and 50-year probability
of occurrence of a characteristic event. Uncertainty on each parameter is represented by the 10th and
the 90th percentiles of simulated values.
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The choice of fault parameters influences the results of the earthquake rate forecasting models. The
geometrical parameters of the fault together with the expected magnitude and long-term slip rate have
an influence on the computation of the mean recurrence time, which is the basic ingredient to compute
earthquake probability, both under time-independent, Poisson assumption and in time-dependent,
renewal approaches. In a few cases we have a Tr larger than the time elapsed. These values have a
major influence on the probability of the renewal models.
The results of the present study clearly illustrate the influence of active fault parameters to
probabilistic seismic hazard maps. However, the absolute ground-motion levels obtained in this study
should be considered with care since these are highly dependent of the assumptions made in the
different input parameters and the earthquake rate forecasting models.
We note that in the present study we did not take in to account the ground motion variability caused by
the different GMPE choices. In fact only one GMPE model is chosen in order to avoid those
variability’s effect the final seismic hazard estimations in the study region. However, we believe that
the uncertainty in the hazard estimates may be reduced significantly by properly modeling the seismic
sources and selecting suitable ground motion models and will be the future research in a separate
study.
Since hazard studies are important for their practical implications for society and public policy
decision-making processes, an appreciation for the uncertainties and limiting assumptions underlying
such studies should be more broadly understood and communicated to the users and decision-making
communities. These maps are useful as long as their limitations are recognized. The uncertainty
analysis can suggest future research to resolve some of the important questions that affect earthquake
occurrence probabilities and ground shaking hazard.
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