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1. Introduction

The active boundary between the Anatolian plate and the African plate follows
the Red Sea, splays south of Sinai into the Gulf of Suez and the Gulf of Agaba and contin-
ues onshore as the Dead Sea fault zone (DSFZ). During the very long lasting history of
the area crossed by the DSFZ, which extends to several millennia, repeatedly devastating
earthquakes have occurred. This means that the area is exposed to a relatively high
seismic hazard and also to a high seismic risk in population centres and industrial ag-
glomerations. However, during the last almost two centuries strong earthquakes are
lacking there, except the M,, = 7.3 earthquake in 1995 in the Gulf of Agaba, which
makes the area especially insidious. The second last M,, > 6.5 event along the DSFZ oc-
curred in 1872. The well-known so-called Jericho earthquake in 1927 had an M,, = 6.1
according to recent studies (Avni et al.,, 2002). The seismic awareness has increased after
the last, strongly felt earthquake in the area of the Dead Sea basin 2004 with M,, = 5.3
(Al-Tarazi et al.,, 2006).

Consequently, this area has been subject to probabilistic seismic hazard assess-
ment (PSHA). We want to mention, as examples, Al-Tarazi & Sandvol (2007), Abdallah
etal (2006), Jiménez et al. (2006), Elnashai & El-Khoury (2004), Harajli et al. (2002),
Mayer-Rosa & Selami (as part of Griinthal et al. 1999), Husein Malkawi et al. (1995), and
Arieh & Rabinowitz (1989).

The seismicity of the area along the DSFZ shows in a long-term view a remark-
able feature: Periods of high seismic activities are followed by periods where strong
earthquakes are lacking. The periods of high activity seem to be much shorter than those
of quiescence. This characteristic behaviour can be deduced from seismicity or stress
transfer studies for this area, where we want to mention Sieberg (1932a) as one of the
earliest and Heidbach & Ben-Avraham (2007) as one of the current ones. Actually, such a
strong time dependence in seismic activity should, consequently, result in also time-
dependent PSHA. The intuitive impression of time dependence has to be subject to rig-
orous statistical tests.

The paper consists of two main elements: (1) the creation of a harmonized seis-
micity data file for the eastern Mediterranean area and the generation of a classical time-
independent PSHA, and (2) the extension of the earthquake model of the time-
independent approach to a newly developed time-dependent PSHA and the comparison
with the results of (1).

2. Generation of a harmonized seismicity data file for the eastern Mediterranean
area

There exists a considerable number of earthquake catalogues and seismicity data
files for at least parts of the eastern Mediterranean area. However, hardly any of them
have a sufficient spatial and temporal coverage including sufficiently low magnitude
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thresholds. Ambraseys et al. (2002) reviewed the regional catalogues (both historical
and instrumental) of eastern Mediterranean and Middle East and concluded that all of
them have deficiencies with respect to the quality of the parameterization. Therefore,
such a data file had to be generated first. We follow here the methodology developed
and described for the central, northern and northwestern European earthquake cata-
logue CENEC (Griinthal et al. 2009a) whose extension to the south (EMEC - the Euro-
Mediterranean earthquake catalogue) is briefly laid out in Griinthal & Wahlstrém (2009).
Basically the data in three of the areal polygons derived for EMEC are required for this
study, the SE Mediterranean area, Turkey (eastern part), and Cyprus including its adja-
cent off-shore areas. A list of the priorities for catalogue selection in the polygons for
various time periods is given in Table 1.

Table 1. Catalogues, data files and their hierarchies in the polygons SE Mediterranean area, Turkey and
Cyprus for different time periods. References: AA Ambraseys and Adams (1993); AFS Abdallah et al.
(2004); AMA Ambraseys et al. (1994); FA Feldman & Amrat (2007); GC Guidoboni & Comastri (2005); GD
Galanopoulos & Delibasis (1965); Kan Kandilli Observatory (2009); KKP Khair et al. (2000); SDM Sheinati
et al. (2005); Pap Papazachos et al. (2003); Tar Al-Tarazi (2002), TR-GSHAP ETH & Swiss Seismological
Service (2000). In addition, data were provided by a few special studies, notably Ambraseys (2006).

SE Mediterranean area; time period | Catalogue priority

-349 SDM, KKP, AMA

350-999 SDM, KKP, FA, AMA
1000-1499 SDM, KKP, GC, FA, AMA
1500-1899 SDM, KKP, FA, AMA
1900-1992 KKP, AMA, AFS, Tar, Kan
Turkey; time period

-349 SDM, KKP, TR-GSHAP
350-999 SDM, KKP, FA, TR-GSHAP
1000-1499 SDM, KKP, GC, TR-GSHAP
1500-1899 SDM, TR-GSHAP
1900-1999 KKP, Pap, Kan

Cyprus; time period

-999 GD

1000-1499 GC, FA,GD

1500-1889 FA, GD

1890-1899 AA, FA

1900-1963 AA, AFS, Kan, GD

3. Seismicity and tectonic setting

The epicentres of the selected seismicity data file are shown in Figure 1a. The
data have been depicted since 300 AD. The increased seismicity along the DSFZ is obvi-
ous. Its southern extension, running through the Gulf of Aqaba, shows the dense distri-
bution of epicentres which mostly belong to the aftershock series of the strong 1995
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Figure 1. Seismicity of the study area according to the EMEC data file in its version from 2009. a) All cata-
logued events; one of the data files of the Levant, i.e. Abdallah et al. (2004), extends westwards up to 32°E
only, which can be well seen in the map. b) The data set without the Abdallah et al. (2004) data file, which
is less complete but gives an unbiased view on the seismicity of the area W and E of 32°E.

earthquake with M,, = 7.3 after Klinger et al. (1999) or M,, = 7.2 after Hofstetter (2003).
Also the Gulf of Suez is seismically active.

The sharp cut of seismicity at 32°E to be seen especially clearly SW of Cyprus and
in Egypt with definitely less activity W of this latitude, is mainly due to the fact that the
RELEMR-catalogue (Abdallah et al. 2004) for the 20t century (from 1900 to July 2006)
does not extend W of 32°E. However, there is a need to have an unbiased seismicity dis-
tribution just around this latitude, since there one assumes the western boundary of the
Sinai block as described below, although its exact position could so far not be clearly
defined. Since we want to contribute to this issue, previously discussed by Papazachos &
Papaioannou (1999) as a NNE striking transform dextral fault (the Paphos transform
fault PTF) which connects, with the help of the spatial distribution of the newly com-
piled seismicity data, an epicentre map is needed which shows homogeneous seismicity
around 32°E. In Figure 1b the epicentres are shown therefore without the RELEMR-
catalogue. Of course, this figure provides a much less complete view of the seismicity
with respect to small magnitude events, but it gives an unbiased picture around 32°E.
We can see now that the seismicity SW of Cyprus does not end sharply at 32°E but along
a NNE-SSW directed strike immediately E of 32°E, i.e. the PTF, as described by Pa-
pazachos & Papaioannou (1999). The seismicity distribution (Fig. 1b) constrains a
slightly “steeper” direction of the PTF than originally described. This strike is marked by
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Figure 2. Seismic fault ruptures of events with M,, = 6.5 since 700 AD according to the EMEC data file.
The fault lengths have been calculated according to Wells & Coppersmith (1994). The used colours are only
to distinguish different events.

a number of significant earthquakes which recently have been recorded, e.g. M,, = 6.4
(1953/09/10), M,, = 6.1 (1995/02/23), M,, = 6.8 (1996/10/09), M,, = 6.1 (199701/13).
Two significant events have been located at 32°E, half way between Cyprus and Egypt,
M, =49 (1941/04/28) and M,, = 5.4 (1953/02/01). It cannot be excluded that these
events might be related to the western bound of the Sinai block as it is discussed below.

Further east the seismicity of the arc extends towards the fault system which
forms the seismically also very active East Anatolian fault zone (EAFZ). The Dead Sea
fault zone (DSFZ) from the Sinai block triple junction within the northern part of the Red
Sea in the south up to its transition in the EAFZ in the north, shows in a long term view a
remarkable seismicity as well. The seismicity of the central part of the DSFZ seems to be
diffusely linked with the seismically active Cyprus arc. This phenomenon cannot be ex-
plained so far by any known tectonic feature. The role of the Carmel fault, which splays
off the DSFZ with a NNW strike and continues off-shore N of Haifa, is not yet understood
in this respect.

Figure 2 shows the northern part of the DSFZ with probable rupture extensions
due to M,, > 6.5 earthquakes since 300 AD. The lengths of the ruptured segments have
been calculated by applying the empirical relation between M,, and fault area given by
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Figure 3. The cumulative seismic moment release with time (from 360 AD up to 2009) in the northern
part of the DSFZ (seismic source zones YGK and Rashya), which exhibits cyclicity in seismic activity.

Wells & Coppersmith (1994) using a seismogenic depth range of 25 km. The figure re-
veals that most elements of the DSFZ have been affected by fault ruptures since 300 AD,
but very few segments have been affected twice since that time. Although we have to
assume a considerable uncertainty both in magnitude and location, the derived pattern
of ruptures yields at least a reasonable picture.

The cumulative seismic moment release along the DSFZ indicates a pronounced
periodic behaviour, i.e. long-time periods of relative seismic quiescence separated by
high active phases. This is especially clear along the northern part of the DSFZ (Fig. 3).
This periodic feature was basically the motivation for us (1) to test if the seismicity
along the DSFZ requires to apply time-dependent occurrence rates of events, and, if so,
(2) to use them for a time-dependent PSHA described below.

The tectonic setting of the study area is schematically depicted in Figure 4. The
target area of the PSHA is the Levant, represented tectonically as the DSFZ which makes
up the eastern border of the Sinai block as described, e.g. by Mahmoud et al. (2005). The
Levant with its remarkable tectonic features has even been in the focus of geology in its
very early stages. We reproduce here (Fig. 5) as an example the fault structure map by
Diener (1886) which already reflects today’s knowledge surprisingly well.

As DSFZ we understand here the entire plate boundary system delimited by the
Sinai triple junction to the S and the southwesternmost part of the EAFZ to the N. The
following segments of the DSFZ can be distinguished (from S to N, see Fig. 4):

- pull-apart structures of the Gulf of Aqaba,
- Wadi Arava fault,

- Dead Sea pull-apart section,

- Jordan valley,

- Hula and Lake Kinneret faults,
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- Yammoineh fault,
- Ghab fault,
- Kasaru fault.

The DSFZ was formed as the result of the Cenozoic rifting between the African
and Arabian plates (Freund 1965, Garfunkel & Ben-Avraham 1996). It accommodates a
left-lateral displacement of in total about 105 km (Quennel 1959, Freund et al. 1970,
Bandel & Khouri 1981).
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Figure 4. Tectonic setting of the Sinai block and of the Levant. The Dead Sea fault zone (DSFZ) represents
the northwestern boundary between the Arabian plate and the Sinai block, ranging from the Sinai triple
junction (STJ) in the S up to the East Anatolian fault zone (EAFZ) in the N. The Paphos transform fault
(PTF) and the Gulf of Suez constrain the western border of the Sinai block. The Cyprean arc forms the
northern border of the Sinai block. Further notations of faults or tectonic elements having relevance for
the seismic hazard assessment are given in Fig. 7b.
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Figure 5. Structural lines (in blue) of the central part of the DSFZ by Diener (1886); redrawing of Diener’s
“Ubersichtskarte der Strukturlinien von Syrien” by Sieberg. Green: basalts, brown: fields of subsidence,
red: granites.

The assessment of the seismic hazard for the Levant requires to consider not only
the seismicity of the DSFZ but also that of the entire Sinai block, whose SE and SW
bounds represent the Gulf of Agaba and the Gulf of Suez. Some details of the pull-apart
structures in both gulfs are schematically shown in Figure 4 after Daéron et al. (2007)
and Garfunkel & Ben-Avraham (1996). Further sources for drafting the tectonic scheme
of Figure 4 are Garfunkel et al. (1981), Barazangi (1983), Salamon et al. (1996), Pa-
pazachos & Papaioannou (1999), Khair et al. (2000), Meghraoui et al. (2003), Salamon
etal (2003), Akyuz et al. (2006), Nemer & Meghraoui (2006), Heidbach & Ben-Avraham
(2007), and Hofstetter et al. (2007). The western border of the Sinai block is, following
Mahmoud et al. (2005) in its southern part, defined by the Gulf of Suez. In the N we in-
troduce the modified PTF as part of the western border of the Sinai block. The northern
border of the Sinai block is formed by the active Cyprian arc, which is linked tectonically
with the SW end of the East Anatolian fault.
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4. Time-independent PSHA
4.1 Method

The probabilistic seismic hazard assessment used in this investigation is based on
the method introduced by Cornell (1968, 1971) and implemented by McGuire (1976) as
one of the early computer codes. This method requires to identify seismic source zones
Src; presuming each source having uniformly distributed seismicity (but not in depth).
The probability of a ground shaking parameter A (e.g. peak ground acceleration PGA) to
reach or exceed a certain value a at the site due to an earthquake occurring within Src;
can be computed as follows:

Mmax;

P[A = a] = f f Pi[A = a|m,7] fy,(m|7) fﬁi(F) dm dr (1)

Vi mo;

where P;[A = a | m,7] is the conditional probability of occurrence or exceedence of a
under the constraint of the earthquake having magnitude m and 7 being the distance
vector between the event and the site, fMi(m|F) is the conditional probability density of

the magnitude distribution within Src; and becomes f;(m) in the case of independent
m and 7, and fﬁi(f") is the probability density of the distribution of the distance vectors.

The distance vector is integrated over the whole volume V; of the source Src;, the magni-
tude is integrated from a minimum value my; to the maximum value my,,,;, which the

source is able to produce.
A further parameter influencing A4 is the tectonic regime (tr) having the distribu-
tion Frg,(tr) in Src;. It can take the values N (normal faulting), S (strike-slip faulting),

and T (thrust faulting), with the probability P;(tr), and can be introduced as a further
constraint into the conditional probability of A:

P[A=a|m 7] = jP[A > a|m,7,tr] dFrg,(tr)
TR (2)
= Z P[A = a|m,7, tr] P;(tr)
tr €{N,S,T}

It is common to assume P;[A = a | m, 7] to be log-normally distributed and the ground
motion prediction equations (GMPE) used in this study follow this assumption. Addi-
tionally, it is reasonable from practical point of view to truncate the uncertainties in
ground motion. A commonly adopted practice is to truncate at two standard deviations.
The multiplication of P;,[4 > a] with the expected annual rate v, of earthquakes

occurring in Src; with a magnitude larger than or equal to m results in the contribution
vi(a) of source Src; to the total expected annual rate v,,;(a) of occurrence or ex-
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ceedence of the value a at the site:

Veor(@) = Zvoi - Pi[A = a] (3)

i

4.2 Seismicity data pre-processing for the PSHA

The seismicity data pre-processing consists of two steps: Firstly, the declustering,
i.e. the removal of foreshocks and aftershocks, and secondly, the analysis of data com-
pleteness with time.

The declustering applied here follows the robust and rigorous method by Griin-
thal (1985), which was extended for its use for larger magnitudes, as described in
Burkhard & Griinthal (2009) and in Griinthal et al. (2009b). Although originally devel-
oped for central European conditions, it proves not only be well applicable for this study
but even for subduction zones (Suckale & Griinthal 2009). The effect of declustering is
illustrated in Figure 6, which shows the number of events in half-magnitude classes in
the SE Mediterranean area polygon before and after declustering. While the effect of de-
clustering is indeed drastical up to M,, = 4, itis negligible for M,, > 5.5.

The analysis of magnitude-dependent data completeness with time follows the
standard methodology we are successfully applying since more than 20 years. Since this
approach has frequently been described in previous publications (e.g. Burkhard & Griin-
thal 2009 or Suckale & Griinthal 2009) we can be brief here. Basically, a magnitude bin is
considered complete for the years in which a rough constant slope can be fitted to the
cumulative number of earthquakes. The application of this approach to the entire DSFZ
sensu lato results in the following magnitude dependent completeness periods:

3000 =

2500 =

I all
I main

2000 =

1500

number of events

1000 +

500 +

1 2 3 4 5 6 7 8
M,

Figure 6. Effect of declustering within the used data set of this study. The numbers of events per magni-
tude class for the non-declustered data is shown by red columns and for the declustered data by green
columns.
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M,, = 3.5 since 1985, M,, = 4 since 1960, M,, = 4.5 since 1960, M,, = 5 since 1920,
M, = 5.5 since 1890, M,, = 6 since 1720, M,,, = 6.5 since 450 and M,,, = 7 since 75 BC.

4.3  Ground motion prediction models

From a range of different GMPE we selected Ambraseys et al. (2005), Akkar &
Bommer (2007), and Pankow & Pechmann (2004, 2006). The latter is an update of the
approach by Spudich et al. (1999). Ambraseys et al. (2005) and Akkar & Bommer (2007)
are based mostly on strong ground motion data recorded in the Middle East and in
Europe. Spudich et al. (1999) selected a world-wide data set from areas with extensional
tectonic regimes. Although Ambraseys et al. (2005) and Akkar & Bommer (2007) use ba-
sically the same data set, they represent two independent models to describe the ground
motion attenuation with distance. All relations use moment magnitude. Also the applied
distance metric, the Joyner-Boore distance, i.e. the closest horizontal distance to the ver-
tical projection of the fault rupture to the Earth's surface, is common for all these GMPE.

Ambraseys et al. (2005) and Akkar & Bommer (2007) provide the possibility to
distinguish between different faulting mechanisms. This is not the case with Pankow &
Pechmann (2004, 2006). Hence we used the results from Bommer et al. (2003), who de-
veloped a method to derive coefficients for GMPE to characterize the different rupture
mechanisms. These coefficients from Bommer et al. (2003) and Bommer (personal com-
munication) derived for the GMPE from Spudich et al. (1999) could be applied in this
study because Pankow & Pechmann (2004, 2006) use the same model and the same data
as Spudich et al. (1999).

4.4 Seismic source zone model

The delineation of seismic source zones has been performed in two steps: (1) to
define a large scale pattern which follows solely the large scale tectonic architecture, and
(2) to subdivide the large scale pattern of seismic source zones into a set of small source
zones, which reflect the spatial seismicity as well.

The four large scale zones (Fig. 7a) are
- the area along the DSFZ including the rim of seismic activity E and W of the DSFZ,

and the Gulf of Agaba as the southern extension of the DSFZ,
- the Gulf of Suez including the Red Sea triple junction S of Sinai,
- Cyprus and adjacent waters to the S and E,
- the southwesternmost part of the EAFZ including accompanying fault systems.

The model of seismic source zones is shown in Figures 7a and 7b, in Figure 7a to-
gether with the seismicity and in Figure 7b with the names of each source zone. The
model gives to a certain extent credit to the model derived by Abdallah et al. (2006).
Still, the two models show distinct differences, i.e. the model derived for this study can
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Figure 7a. The seismic source zone model in combination with the seismicity. The bold lines define the
large scale zones.

be regarded as independent. The borders of the large scale zones are marked with bold
lines. The DSFZ sensu stricto has been segmented into the following seismic source
zones (from S to N)

- Wadi Arava/Araba,

- Dead Sea,

- Jordan Valley,

- Hula-Kinneret,

- Yammouneh, Ghab and Kasaru (YGK).
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Figure 7b. The seismic source zone model with the notation of each source zone.

The seismicity E and W of the DSFZ could be associated in parts with known and
with probable faults as they are indicated in Figure 2. Some of them are, e.g.: Carmel
fault with its tentative off-shore extension, Roum fault, Palmyra fault and Mt. Lebanon
thrust, Sirhan faults, Wadi Karak, El-Kuntilla epicentre alignment as well as a series of
areal source zones with diffuse seismicity.

Along the Gulf of Agaba the seismicity clusters spatially into three source zones.
The seismicity at greater distances from the DSFZ, inasmuch it contributes to the seismic
hazard of the target area of this study, does not require source zones which mirror the
tectonic structures in great detail. This concerns roughly defined source zones for the
Sinai triple junction and the Gulf of Suez, two zones for Cyprus and the active southern
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arc, and two source zones to encompass the seismicity in the off-shore areas between
the Cyprus arc and the Levant. Three source zones have been introduced to model the
SW part of the EAFZ, namely the EAFZ source zone itself, the Euphrates zone and further
SW a zone which consists of two parts, Gaziantep and Samandag.

4.5 Seismicity parameters of the source zones

A seismic source zone is described, additional to its geometry, by three seismic
activity parameters
- v,: the average yearly rate of events above or equal to a minimum magnitude m,,
- [: the negative slope of the logarithm of the yearly rate in dependence of the magni-

tude,

- Myay: the maximum expected magnitude.

The non-cumulative frequency-magnitude relation N(m) is in its classical form
defined as the Gutenberg-Richter relation (Gutenberg & Richter 1954)

logN(m) =a—bm. (4)
In exponential form the non-cumulative rate v reads
Vpe(m) = exp(a — f m) = 10472™ (5)

This relation holds within the magnitude range m < my,,,, exp(«) is the value of v, at
m = 0. The cumulative yearly frequency v(m) under consideration of my and m,,,, is

ex *(m -m)|—1
plB*(Mmax )] m <m< Moy -

V(m) — Vo exp[B*(Mmax—me)]—1 (6)

The parameters v, and 8 have been determined with the maximum-likelihood estima-
tion after Weichert (1980) with the standard deviation o of £.

Figures 8, 9 and 10 show the cumulative frequency-magnitude graphs for three
large scale zones: The DSFZ, the SW part of the EAFZ, and the Cyprus zone. The b-values
with their ¢, and v for given M,, are presented. We get remarkably straight-line fits over
a broad range of magnitude classes. This can be seen as a quality sign of the used seis-
micity data file.
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Figure 8. Frequency-magnitude re-
lation for the entire Dead Sea fault
zone (i.e. the large scale zone DSFZ),
which is used as common-b area for
small seismic source zones within
the large zone. The b-value with its
standard deviation is 0.838 + 0.022.
The frequency rate v(M,, = 3.25) is
7.846.

Figure 9. Frequency-magnitude re-
lation for the southwestern part of
the East Anatolian fault zone (i.e. the
large scale zone EAFZ).

b = 0.996 + 0.038, v(M,, = 3.25) =
5.721.

Figure 10. Frequency-magnitude re-
lation for the large scale zone Cyprus.
b =0.861 £+ 0.031, v(M,, = 3.25) =
4.427.
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Figure 11.  Frequency-magnitude
relation for the small scale Dead Sea
seismic source zone.

b =0.904 £+ 0.60, v(M, =2.75) =
2.214.

relative frequency [p.a.]

Figure 12. Frequency-magnitude
relation for the small scale seismic
source zone Aragonese in the cen-
tral part of the Gulf of Aqaba.

b = 0.838 £ 0.022, v(M,, = 3.25) =
0.641.

The determined occurrence rate of
the M, = 7.3 1995 earthquake fits
relatively well into the frequency-
magnitude relation governed by the
small magnitude earthquakes.

relative frequency [p.a.]

The b-values of the large zones are used for the small zones within the respective
large zone area if the number of events in a small zone is below 50 within the complete
magnitude ranges to be usable for the b-value determination. The only exception is Jor-
dan Valley, which has less than 50 usable events, but a very good fit.

Figures 11 and 12 present two examples of frequency-magnitude relations for
small scale source zones: (1) The Dead Sea source zone and (2) the central source zone
within the Gulf of Aqaba (Aragonese), within which the M, = 7.3 1995 earthquake oc-
curred. We can see that this event fits fairly well into the frequency-magnitude relation,
governed by the frequencies of earthquakes of much smaller magnitudes, although three
intermediate magnitude classes are empty.

The rationale with respect to estimate m,,,, for the seismic source zones along plate
boundaries, like the DSFZ and the SW part of the EAFZ, was the assumption that during the
almost two millennia of data the maximum magnitude has almost been experienced or even
reached. The largest earthquakes along the DSFZ are three M,, = 7.3 events that occurred,
in 847 AD in the northern Lebanon, in 1756 in 30 km NW of Damascus, and in 1995 in the
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Figure 13. The maximum observed magnitudes (a) and the set maximum magnitudes in each seismic
source zone. The set values are in the range of M,, = 6.2 — 7.6, i.e. the increments between the observed
M,, and the set one are in the range 0-2.3.

Gulf of Agaba. We assume that M,, = 7.3 is near to m,,,, and introduce a small increment
of 0.2 to yield m,, 4, = 7.5 for all source zones along the DSFZ. The maximum observed M,,,
is in no seismic source zone along the DSFZ N of Aqaba below 7.0. Along the SW part of the
EAFZ, which is part of the study area, my,qy ops = 7.4. With the same increment as men-
tioned above, we get m,,,, = 7.6 here. Within the seismic source zones covering Cyprus
and the off-shore part S thereof with m,,4, s = 7.0 we introduce an increment of 0.3 to
yield m,,, 5, = 7.3. In the remaining seismic source zones m,,,, is in the range of 6.2 to 7.3
with increments between 0 and 2.3. The increment was assumed to be small (or even zero)
in areas where an isolated large magnitude entry exists and where the seismicity otherwise
is inconspicuous. On the other hand, in the off-shore source zones in the Gulf of Aqaba
neighbouring the one with the M,, = 7.3 1995 event and where m,,, ,ps is smaller than
M,, = 6, the increment is large in order to have m,,,, = 7.5 consistent along the entire
DSFZ. All observed and estimated maximum magnitudes are given in Figure 13.

The focal depth is another parameter characterizing a seismic source zone and is
needed in PSHA. Five values are selected for each of the large scale zones from the larg-
est events with sufficiently well determined depth. These were then assigned to each
small scale source zone within the respective large scale zone. These obtained depth
values are given in Table 2. They range between 5 and 45 km.
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Table 2. Focal depths (km) representative for the four large scale zones within groups of source zones

DSFZX 5 9 11 15 30
EAFZ 5 7 10 20 45
CYPX 10 10 24 26 30
GOSZ 5 6 7 10 20

DSFZX - Dead Se fault zone without off-shore areas included in CYPX, EAFZ - East Anatolian fault zone,
CYPX - Cyprus and off-shore areas S and E of the island, GOSZ - Gulf of Suez and the Sinai triple junction

4.6  Resulting time-independent PSHA and comparison with previous studies

The seismic hazard has been calculated for the Levant area from 29°-37°N and up
to 37.4°E by using the software package FRISK88M (Risk Engineering Ltd. 1997) for
points of a grid with a 0.1 X 0.1 degree spacing. As ground motion parameters we chose
peak ground acceleration (PGA) and spectral ground accelerations (SGA). The integra-
tion of aleatoric uncertainties in the GMPE was performed up to two standard deviations
o. All calculations are given for rock conditions. In order to compare our results with
previous PSHA studies for the DSFZ, given as mean values of ground motion parameters,
we present our results as mean values as well. The restriction to mean values does not
require to consider the full range of uncertainties in the input parameters and models.
This will be the subject of a coming up study. Figure 14 shows typical hazard curves in
terms of PGA, here for the cities of Nablus and Jerusalem.

Figures 15 and 16 present seismic hazard maps for the PSHA target area of this
study for PGA and SGA at 5 Hz for the hazard level of 10% exceedence probability within
50 years. Depicted are the mean values for rock conditions. The seismic hazard along the

.\. a) f\ b)

10" 3 \ 10" |
[ " [ \

— —
o bt o
S S
S S
> > .

M 10-4 L L PR S B A | L L L .\...I

PGA[m/sy 10 01 1 PGA[m/s] 10

10° e
0,1 1

Figure 14. Seismic hazard curves in terms of mean ground acceleration (PGA) for the cities of Nablus (a)
and Jerusalem (b) for the soil type rock. Indicated is the PGA value for the 10% exceedence probability
within 50 years, which corresponds to a mean return period T = 475 years or an annual occurrence prob-
ability v = 2.10 - 1073,
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Figure 15. Seismic hazard map for the Levant in
terms of peak ground accelerations PGA for 10%
exceedence probability within 50 years, mean val-
ues and for the soil type rock.
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Figure 16. Seismic hazard map for the Levant in
terms of spectral ground acceleration SGA for 10%
exceedence probability within 50 years for 5 Hz,
mean values and for the soil type rock.

DSFZ turns out to be lowest along the Arava fault, and highest in the Jordan valley S of

Lake Kinneret, in the Dead Sea area, and at the northernmost part of the DSFZ along the

Karasu fault.

A comparison of the mean PGA values according to this study can be made with

nine previous studies. These are (in reverse chronological order): Al-Tarazi & Sandvol
(2007), Jiménez et al. (2006), Abdallah et al. (2006), Elnashai & EI-Khoury (2004), Harajli
et al. (2002), Al-Tarazi (1999), Mayer-Rosa & Selami (in Griinthal et al. 1999), Husein
Malkawi et al. (1995), and Arieh & Rabinowitz (1989). Table 3 shows the interesting fact
that the seismic hazard according to this study yields the lowest PGA at the two selected

points where all studies overlap.

Deutsches GeoForschungsZentrum GFZ
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Table 3. PGA values according to this study compared with previously published PSHA values at two se-
lected sites where the compared hazard maps overlap.

PGA (m/s?) at
33°N, 35.5°E 33°N, 36°E

This study 1.60 0.96
Al-Tarazi & Sandvol (2007) 1.9 1.5
Jiménez et al. (2006) 21 1.3
Abdallah et al. (2006)" 1.8/2.2 1.1/1.5
Elnashai & EI-Khoury (2004) 191 1.27
Harajli et al. (2002) 2.7 1.35
Al-Tarazi (1999) 3.8 2.6
Mayer-Rosa & Selami (1999)" 2.67 1.97
Husein Malkawi et al. (1995) 5.0 4.6
Arieh & Rabinowitz (1989) 2.3 1.1

* The two PGA values are due to the usage of different GMPE; the lower values are according to Ambraseys
et al. (1996) and the larger ones according to Boore et al. (1997).
** Published as contribution for the Eastern Mediterranean region for GSHAP in Griinthal et al. (1999).

There are mainly three elements in PSHA which are most probably the reason for
the considerable scatter from study to study. The first one is due to the selected GMPE or
a set of these as is the case for this study. Significant progress has recently been made in
this respect. Nevertheless, weaknesses in rather modern GMPE have already been ob-
served and will be the subject of future innovations. These have to be considered in an
envisaged update of this study.

The second element is due to considerable uncertainties in the cataloguing of
earthquakes and in deriving harmonized and reliable magnitudes for the used seismicity
data base. Previous studies had to be based on less credible magnitude estimates and
could contain fake events.

The third element, observed in many previous PSHA studies, is due to methodo-
logical uncertainties in the entire data handling for deriving the input for a PSHA as well
as methodological weaknesses in performing the entire multi-integration in the frame of
the PSHA itself.

5. Developed time-dependent approach to PSHA

5.1 Method
5.1.1  Earthquake occurrence rate

The earthquake occurrence rate v demonstrates the number of events (here
earthquakes above a certain magnitude threshold) in a time unit at a generic time. The
mathematical interpretation of the occurrence rate is:

_f®

v(t):AlglOP[tSTStiAtlTZt]—S(t) (7)
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where f(t) is the probability density function (pdf) corresponding to the distribution of
the inter-event times (i.e. the time between two consecutive events of interest), and S(t)
is the survivor (or reliability) function defined as:

S(t)=1—-F(t) with F()= jtf(x) dx (8)
0

where F(t) is known as the distribution or cumulative distribution function (cdf). In
general, there are two types of occurrence rates, time-dependent and time-independent.
Time-dependent occurrence rates change with time, e.g. the occurrence rates corre-
sponding to Weibull or Gamma distributions. Time-independent occurrence rates ex-
tracted from exponential distributions (Poisson processes) do not change with time.

5.1.2  Time-dependent modelling of earthquake occurrence rates

In order to model the earthquake occurrence rate, a statistical approach has been
adapted and applied to find the distribution of the earthquake inter-event times (recur-
rences) of large earthquakes. The approach has been developed based on the assump-
tion that earthquake inter-event times are independently identically distributed. This
assumption leads to a renewal process assumption for the inter-event times (Taylor &
Karlin 1998).

In order to model the inter-event times of the large earthquakes, five candidate
models have been selected and tested. The models include the time-independent expo-
nential as well as the time-dependent Weibull, Gamma, Lognormal, and inverse Gaussian
(Brownian Passage Time BPT) distributions. Here, the time dependence describes
whether the hazard function, corresponding to a specific distribution, is a function of
time (time-dependent) or not (time-independent). A bootstrap multimodality test (Efron
& Tibshirani 1993) has been applied to check whether the inter-event times are unimo-
dally or multimodally distributed. The five distributions have been directly used for the
case of unimodal distributions, while the four time-dependent distributions have been
considered as basic models involved in the structure of multimodal distributions, where
multimodality is applicable.

The maximum likelihood estimation method (MLE) has been modified (see Ha-
kimhashemi 2009) to estimate the parameters of the different distributions. Two impor-
tant terms, with respect to the subject of this study, have been added to the classic
method of MLE. The first one is the censored time which is important in time-to-failure
modelling, since it includes the most recent information related to the current situation
of a given time-to-failure process. The second term is the weighting information which
leads to the use of a weighted MLE. The reason to use the weighted information is that
the intrinsic uncertainty of historical earthquake data is neither recognizable, nor calcu-
lable. Therefore, the estimation process requires larger weights for earthquakes occur-
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ring in the recent time.

The best distribution has been selected according to two criteria, a Bayesian In-
formation Criterion (BIC) and a Kolmogorov-Smirnov test (KS-test) p-value. Finally, the
confidence intervals have been calculated by a bootstrap confidence interval method for
each parameter corresponding to the selected models. More details about the method
can be found in Hakimhashemi (2009).

5.1.3  Application of the time-dependent earthquake occurrence rate to probabilistic
seismic hazard assessment

Time-dependent earthquake occurrence rates change with time. Suppose that ¢t is
a generic time after an earthquake occurrence, then v, (t) is a non-constant function of

t. Considering a time-dependent hazard function vy, in PSHA equations in section 4.1

changes to vy, (t) which is time-dependent. Then the PSHA equation (3) changes to

Veor(£,0) = D v0,(8) R(A 2 @) 9)

L

The PSHA is generally estimated during some fixed time span in the future. In the case of
time-independent PSHA, the seismic hazard in a given time unit (e.g. annual seismic haz-
ard) remains constant with time. In contrast, in time-dependent PSHA, the hazard func-
tion v, (t, @) changes with time. In order to calculate time-dependent hazard v;,; during
a time span [t, t + At], the vy, (¢) in equation (9) can be replaced by:

t+At

At t Vo, (D) dt . (10)

According to equation (10), considering larger time spans results in loosing details of
seismic hazard variations with time. Therefore, the time span has to be carefully consid-
ered and as short as possible, especially in cases in which the seismic hazard varies viv-
idly with time.

In this study the time-dependent portion of the seismic hazard has been prepared
considering earthquakes with M,, > 6. For the rest; i.e. earthquakes with M,, < 6, the
seismic hazard has been calculated using the classical time-independent approach (Pois-
son process). The total seismic hazard has been obtained by aggregating the time-
dependent and the time-independent portions.
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5.2 Application of the method to the DSFZ

The method has been applied to the central and northern parts of the DSFZ, but
not to the southern part because of the lack of data (see Hakimhashemi 2009). The cen-
tral part of the DSFZ covers the three seismic source zones Dead Sea, Jordan Valley, and
Hula-Kinneret. The northern part of the DSFZ is represented by the two seismic source
zones YGK (Yammotneh, Ghab, Karasu) and Rashya for M,, < 6. For M,, > 6 both are
handled for the PSHA as one source zone.

The results for the central part of the DSFZ show that the time-dependent model
is not significantly better than the time-independent model. Since the time-independent
model is simpler to interpret, the occurrence rate of large earthquakes in this area has
been considered as the classical time-independent occurrence rate.

According to the dataset of the northern part of the DSFZ, the last M,, > 6 earth-
quake in this area occurred in 1872. Therefore, the time since the last earthquake (i.e.
the censored time) is 137 years. The average observed earthquake inter-event time in
this area is about 51 years, i.e. much smaller than 137 years. Another fact is that more
than 96% of inter-event times in this area are shorter than the censored time. Further-
more, the earthquake inter-event times in the northern part of the DSFZ reveal a cluster-
ing property. The inter-event time dataset can be divided into two different parts, one
with inter-event times shorter than 37 years, another with inter-event times larger than
65 years (Fig. 17). This clustering property is also an indication of multimodality of the
earthquake inter-event times in this area.

The first step of the estimation process is to check if the distribution of the earth-
quake inter-event times in this area is multimodal. The results of the test indicate that
there is no significant difference between unimodality and bimodality. Therefore, the
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Figure 17. A schematic clustering behaviour of the inter-event times for earthquakes with M,, > 6 in the
northern part of the DSFZ (seismic source zones YGK and Rashya). The crosses present the empirical dis-
tribution function, red crosses show the first cluster, and blue crosses demonstrate the second cluster. The
red vertical line shows the censored time and how it compares with inter-event times.
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Figure 18. Comparison between the mixed Weibull-Weibull, the unimodal Lognormal, and the empirical
distribution functions of earthquake inter-event times for the northern part of the DSFZ (seismic source
zones YGK and Rashya). Results for longer inter-event times and magnitudes larger than 6 are shown.

distribution of the earthquake inter-event times is estimated under both assumptions;
i.e. unimodality and bimodality. Based on the BIC and KS-test p-value (section 5.1.2), the
best unimodal distribution for the northern part of the DSFZ is the Lognormal distribu-
tion and the best bimodal distribution is the mixed Weibull-Weibull distribution. These
models have been compared, focusing only on the longer inter-event times, i.e. inter-
event times larger than 60 years considering the sum of squared errors (SSE = X [esti-
mate - observed]?). The mixed Weibull-Weibull distribution can fit this part of inter-
event times better than the unimodal Lognormal distribution (Fig. 18). This result plays
an important role in the process of selecting the best model, as the time since the last
M,, = 6 earthquake (i.e. censored time) is much larger than the average earthquake in-
ter-event time. Another advantage of the Weibull-Weibull distribution is its bi-cluster
shape which can describe the long-term clustering behaviour in this area better than the
unimodal Lognormal distribution.

5.3 Occurrence rates of candidate models in the northern part of the DSFZ

Figure 19 shows how the hazard function of the mixed Weibull-Weibull distribu-
tion increases immediately after the 1872 earthquake occurrence to a maximum value
(about 0.024), then decreases to a minimum value (about 0.015 after about 80 years),
and after that increases very slowly with time. In contrast, the hazard function of the
unimodal Lognormal distribution also increases immediately after the earthquake oc-
currence to a maximum value (about 0.026), then decays with the time. Among these
two completely different trends, an increasing (the mixed Weibull-Weibull) and a de-
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Figure 19. The trends of hazard functions of the mixed Weibull-Weibull and the unimodal Lognormal
distributions after the last earthquake in 1872. The mixed Weibull-Weibull model has an increasing haz-
ard function in the long-term.

creasing (the unimodal Lognormal) hazard function for the long-term, an increasing
hazard function for the long-term is selected due to the long-term clustering behaviour.
The mixed Weibull-Weibull distribution is selected to model the inter-event times of
M,, = 6 earthquakes in the northern part of the DSFZ.

5.4 Hazard maps produced for the entire DSFZ using candidate models

Following equations (9) and (10), the time-dependent PSHA has been calculated
for the northern part of the DSFZ. Figures 20-24 demonstrate the hazard maps pro-
duced for the northern part of the DSFZ using the mixed Weibull-Weibull, the Log-
normal, and the exponential (classical time-independent under Poisson process) distri-
butions. The maps are prepared for different years after the last M,, > 6 earthquake in
the northern part of the DSFZ, i.e. 1873, 1875, 1883, 2009, and 2100. The hazard maps
have been prepared considering earthquakes with magnitude M,, > 6 in the considered
source zone (see Fig. 20).
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Figure 20. Top: Hazard maps for the northern part of the DSFZ (seismic source zones YGK and Rashya) in
the year 1873 for 10% exceedence probability in 50 years considering occurrence rates of large events
obtained by the mixed Weibull-Weibull, the unimodal Lognormal, and the exponential distributions (clas-
sical time-independent model under the Poisson process). The red polygon shows the boundary of the
source zone. Bottom: Statistical hazard functions (occurrence rates) for the mixed Weibull-Weibull, the
unimodal Lognormal, and the exponential distributions within 1872-1884.
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Figure 21. Same as Figure 20 for the year 1875.
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Figure 22. Same as Figure 20 for the year 1883.
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Figure 23. Same as Figure 20 for the year 2009 and hazard functions within 2009-2100.
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Figure 24. Same as Figure 23 for the year 2100.
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Figure 25. Same as Figure 20 but using the whole data set.
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Figure 27. Same as Figure 22 but using the whole data set.
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Figure 28. Same as Figure 23 but using the whole data set.
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Figure 29. Same as Figure 24 but using the whole data set.
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The hazard maps for the northern part of the DSFZ in the year 1873 (one year af-
ter the last large earthquake) show that the seismic hazard based on the mixed Weibull-
Weibull distribution is larger than the seismic hazard calculated by the Lognormal
model and the exponential (time-independent under Poisson process) distribution. In
the year 1875, the seismic hazard based on the mixed Weibull-Weibull distribution is
between the seismic hazard based on the Lognormal and based on the exponential dis-
tribution. In the year 1883 (about 11 years after the last large event), the seismic hazard
based on the mixed Weibull-Weibull distribution is much larger than the seismic hazard
based on the exponential distribution, but still less than the seismic hazard based on the
Lognormal distribution. In the year 2009 (current time, 137 years after the last large
earthquake), the seismic hazard based on the mixed Weibull-Weibull distribution is
slightly less than the seismic hazard based on the exponential distribution, while the
seismic hazard based on the Lognormal distribution is much lower. Assuming that there
will be no earthquake up to year 2100, the seismic hazard based on the mixed Weibull-
Weibull distribution is almost equal to the seismic hazard based on the exponential dis-
tribution, whereas the seismic hazard based on the Lognormal distribution is extremely
low. Finally, it can be concluded that also the hazard maps for the northern part of the
DSFZ for each considered year show considerable differences when calculated based on
the three different distributions.

Figures 25-29 represent the hazard maps produced for the entire DSFZ using the
mixed Weibull-Weibull, the Lognormal, and the classical time-independent (Poisson
process) models. The maps are prepared for the same years after the last M,, > 6 earth-
quake in the northern part of the DSFZ.

6. Conclusions

The newly developed seismicity data for the study area in terms of harmonized
M,, in combination with new GMPE enabled to develop a new generation of PSHA for the
Levant as target area, using time-independent as well as time-dependent approaches.
None of the so far existing seismicity databases turned out to be sufficiently reliable for a
well constrained PSHA for the Levant. Moreover, a considerable number of events in
other datafiles turned out to be fake. The derived M,, values for the historical and the
instrumental part of the catalogue seem to be more realistic than previous attempts.

The study area for performing a PSHA for the Levant has to encompass the entire
Sinai block and the southwestern part of the EAFZ. Based on numerous previous studies,
a tectonic model could be derived, which presents the Sinai block in a now better con-
strained form. This model in combination with further tectonic information and the ob-
served seismicity features were the basis to derive a model of seismic source zones. It
consists of four large scale source zones which are subdivided into a set of small scale
seismic source zones. The latter have been used for the PSHA, while the b-values of the
large scale zones are used in such cases, where the number of events in a small zone is

38

Deutsches GeoForschungsZentrum GFZ
Scientific Technical Report 09/09
DOI:10.2312/GFZ.b103-09098



The long-term temporal behaviour of the seismicity of the Dead Sea Fault Zone ...

too low for a reliable statistical evaluation.

The derived frequency-magnitude relations show surprisingly low scatter and
very reasonable b-values not only for the large scale source zones. This is no prove of a
reached degree of harmonization within the newly derived seismicity database, but a
strong indication. The well established frequency-magnitude relations are an excellent
basis for a reliable PSHA.

Three GMPE have been selected according to the specific seismotectonic condi-
tions of the target area of the PSHA. The calculated PGA according to this study can be
compared with nine other seismic hazard analyses published during the last ten years. A
comparison is possible at least at two sites, where the results spatially overlap. Although
larger ground motions are usually expected in modern PSHA approaches (Bommer &
Abrahamson 2006), the opposite is the case with respect to the new study. To some ex-
tent, this is probably due to the new harmonized earthquake catalogue we could make
use of.

Since the time-independent PSHA is here used for comparisons, not only with
previous time-independent approaches, which provide mean values of ground motions,
but also with the time-dependent approach, which also could be calculated in terms of
best estimates so far, i.e. mean values, there was no need to consider the full range of
uncertainties in all the input of the classical PSHA approach, especially the epistemic
ones, which enable to provide the results in form of fractiles. These uncertainties will be
considered in a follow-up study.

In the northern part of the DSFZ, the inter-event times show a clustering prop-
erty. The results of applying the method to the inter-event times in this area show a very
explicit time dependency for the earthquake occurrence rate. A mixed Weibull-Weibull
model has been selected as the best model in this area. This model produces a very high
KS-test p-value (more than 0.97) and its BIC is relative low. Its statistical hazard func-
tion (occurrence rate) increases in the long-term. The hazard function corresponding to
the mixed Weibull-Weibull distribution reveals two clusters for the earthquake occur-
rence rate within the time after an earthquake occurrence. The first cluster begins im-
mediately after an earthquake occurrence and is explicitly time-dependent. This cluster
lasts about 80 years. The second cluster begins 80 years after an earthquake occurrence
and lasts until the next earthquake occurs. The PSHA corresponding to the latter cluster
increases very slowly with time, such that it can be considered, approximately, as a clas-
sical time-independent PSHA (based on the Poisson process).

The following can be concluded for this area:

e The PSHA is significantly time-dependent.

e The mixed Weibull-Weibull distribution models the earthquake occurrence rate bet-
ter than other candidate distributions, because the two different components of the
model fit the two different clusters of the inter-event times better than unimodal
models.

e Considering the mixed Weibull-Weibull model, the seismic hazard is considerably
lower than the time-independent rate immediately after an earthquake, but in-
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creases strongly during the following ten years to reach its maximum, and then de-
creases over the next 70 years to its minimum which is not much lower than the
classical time-independent PSHA.

e More than 80 years after an earthquake, the PSHA increases extremely slowly, so
that it can be considered as a time-independent PSHA.
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