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Seismic Expectancy Modeling
of Northwestern Saudi
Arabia
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SUMMARY — Seismic gxpectancy modeling of northwestern Sau-
di Arabia wrilized the spatlal distributions of the selsmicity pa-
rameters af the magnitude-frequency relation. The spatial
distributions are ar every degree laritude and longitude compris-
ing the 43 degree comparimenr. Contour maps of iso-a and b
values and expected magnitude ar [0% probability of excesd-
ance in 50 years were drawn, The map of expected magnitude
agrees fo some extent 1o the recent seismic activities and prob-
abilistic estimaes of seismic hazards in the reglon particularly
in the gulf of Agabah. Likewire, the a and b-value distributions
were alsp in conformity with the oceanic and continental tecton-
ics of the region, which show that the continental areas are
highly active with small scale events and the veeanic aréas are
prone to sirong and major earthguake evenis, Basically, the
applied methodology hay some level of appropriutencss and
provides an adaptive approach te physically relinkle estimates.
Significantly, the study provides a preliminary busis for future
occurrences of earthguakes of concern for northwestern Saudt
Arabig and the probabie ideniification and delineation of its
seismic SOUrCE areas.

KEYWORDS: Seismic Expectancy, Soudi Arabia, Seismic Haz-
ard, Poisson Disiribution.

1. Introduction

The oceani¢ portion of northwestern Saudi Arabia is
one of the three geo-tectonic provinces comprising the
southern portion of the Dead Sea transform fault /1/,
The gulf portion is about 180 km long and about 15-25
km wide. The gulf forms the southernmost section of
the NNE trending transform fault. The continental por-
tion of NW Saudi Arabia is a siable region with nu-
merous lineaments and two major faults trending in a
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NNW direction. The sudden and abrupt movemenis of
the faults in this region may generate seismic hazards
that can caused considerable damage to all vulnerable
elements in the affected areas. Hence, the different ge-
ological structural formations in the area are consider-
able seismic risks to northwestern Saudi Arabia and to
its socic-economic developments. Thus, it is imperative
that seismic activities in space-time in these areas and
their effects be given considerable study for seismic
hazards reduction and preparation,

Historically, NW Saudi Arabia is seismically active
as inferred from different source of seismic catalogues
12/, 13/, and 74/ The seismic activities along the gulf
seem to be characterized by swarm and mainshock-af-
tershock types /5/. The series of earthquake events in
the years 1983, 1984, 1985, 1988, 1990, 1993 and 1995
seemed to be of the swarm type, On land earthguakes
such as the 1068 and 1588 events were of tectonic or-
igin. Depth of foci in this area were reported to be
from 1-27 km which suggests that lithospherical defor-
mations are resiricted to the crust /1/.

Since the aspect of the present study is toward disas-
ter mitigation from occurring earthquakes of concern, it
is deemed appropriate that primary attention should be
focused on the expectation of these events, However,
the constraints involved such as insufficiency of longer
period of quality instrumental seismic observation, re-
liability of database and variety of opinions on the tec-
tonic aspect of the area may yield conservative resulis,
Therefore, the expectancy modeling in this study is
confined within the allowable limitations of the utilized
data.

Earthquake occurrences are considered random
events in space-time so that their appropriate treatments
are assumed to be under the domain of statistics and
probability. Subsequently, the study and modeling for
NW Saudi Arabia were based on this notion.
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2. Data sources and treatment

The area of interest for this investigation is defined
by the coordinates 25° to 29° N latitude and 34° 10 37°
E longitude. It incorporates the NW portion of Saudi
Arabia and gulf of Agabah (fig. 1). The time coverage
of the seismic data is from 1900 to June 1997. The
recent seismicity (mb>3) of the smdy area for the
period from 1990 to 1997 is shown in fig. 1. This study
utilized the catalogues of the preliminary determination
of epicenters (PDE) of the USGS, international seismo-
logical center (ISC) and the seismological- geophysical
observatory of King Saud University as the primary
sources for the instrumental seismicity (1963-1997),
The catalogues of Ambraseys et. al. /&/, Ben-Menahem
/31 and Poirier and Taher /4/ have been served as the
primary sources for historical seismicity (1900-1964),
Entries were cross-checked and additions made from
various sources of esarthquake records to insure that
duplicarions are not included.

The magnitude scale preferably used in this study
was the body wave magnitude (mb) for consistency.
Hence, given surface wave magnitudes and epicentral
intensities were converted to mb through the relations
found by this study. Duration and local magnitudes
were assumed to be equal to mb for moderate earth-
quake events.

3. Methodology

The expectancy modeling were based from the earth-
quake recurrence concept and Poisson probability dis-
tribution. Firstly, the seismicity parameters were deter-
mined for each of the degree latitudes and longitudes
comprising the modeled region which are the centers of
a moving 4 X4 degree source area from Hatlori's meth-
od /7! as follows:

3.1. EARTHQUAKE RECURRENCE

The seismicity parameters are ¢btained from the
temporal distribution of magnitude in a8 given area
which are the constants of the magnitude-frequency
relation. Applying the maximum likelihood estimate
method developed by Utsu /8/ and Aki /9/, seismicity
parameters were given as follows:

b = log(z)/(Ma-Mo) ()
a=log N + b*Ma {2)

where:

N is the number of events equal and larger than Mo
Ma is the average magnitude

Mo is minimum magnitude and

(2) is the base of natural logarithm.

The method allows at least a minimum number of 4
observations in a given set of data /10/, This methed
was selected in view of insufficiency of data in the
region. The application of this method in each square
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Fig. | - Locatisn mep of the study arca = NW Saudi Arabis showing
recenl seismic activities from 1990 10 1997,

degree in the study srea is preferable, however, scarcity
of seismic data in some square degree compartment
may reflect biased results and affects the actual seis-
micity. To avoid this situation, 8 moving 44 degree
block was utilized as data source area /7/. The centers
of the moving block were the latitudes and longitudes
of the 43 degree compartment and each center is as-
sumed to represent the location of the seismicity pa-
rameter for each respective block. The movement of
the block is one degree interval in the latitudinal or
longitudinal direction. The application of this method
requires that the area coverage of the data source
should be from 23-31° N latitude and from 32-39° E
longitude. Since each square degree in the block is
used 16 times utmost /7/, the values of the parameters
obtained in the 4 corners of a 1] degree area may
well represent its representative parameters values.
Since most of the magnitude dara in the study area
before 1965 were given in Ms and in terms of epicen-
tral intensity (Io), there was a need for conversion for
the two parameters for data homogenization. The em-
pirical relations were applied respectively as follows:

mb = 0.87*Ms + 0.79 (3)
and/or

mb = 0.93*Ms + 0.44 4
and

mb = 0.45%lo+ 2.77 (5)

Equations (3) and (5) were the results from 62 and
22 samples from the Red Sea and adjacent regions re-
spectively. Equation (4) developed by Al-Amri /11/ for
southern Red Sea region.
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3.2. POISSON DISTRIBUTION

Of importance in this study is the expected occur-
rences of earthquake events whose magnitudes are of
concern. Given that earthquakes are random phenome-
na, then their occurrences are best described by proba-
bility concepts. The adverse effects of earthquakes gen-
erally come from significant events, Hence, their occur-
rence in time is of concern, The random distribution of
large scale seismic events is known to fit the Poissoni-
an probability distribution in time. The distribution is
given by

Pn = ((h*t)*n*exp(-h*1))/n! (6)

where:

Pn is the probability of occurrence of nevents in a
given time imterval (1). h is the mean rate of occurrénce
and n! is factorial, When no events of interest occur
during a given interval of time (t), equation (6) be-
comes

Po = exp(-h*D) )]

However, if at least one event of interest happens

during the lime t, then the assumed risk (R) or proba-

bility of exceedance from the assumption of non-occur-
rence is

R = 1 — exp(-h*t) (8)

The mean rate of pccurrence of earthquake: events in
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Fig. 2 — Spatial distributions of the selsmicity perameters <a= per year of
svery degree hatimde and longitude.
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the study area is estimated from the ;mgnitu-iu-frequem
cy relation

N(MY/T = (NIT)*10% - b(M ~ Mo) (9)

where M is the magnitude equal and larger than & giv-
en value of interest, N is the number of events equal
and larger than Mo, and T is the time coverage of the
utilized data. The expected number of pccurrences of
M in time interval (t) is

N(M)*tT = N*/T)*100 = b(M - Mo)  (10)

Assuming that earthquake occurrences in the mod-
eled area satisfy Poisson’s equation, then the mean rate
from (9) or expected number of occurrences from (10)
is acceptable for substimution in (8), Substitation of
equation (9) or (10) in (8) yields a function of M that
is dependent on R and time (1) upon simplification, that
‘s'l

M = Mo — (1/b)*Log(-T*Ln(l - R}(N*1)) (11)

With given values of R and t, the corresponding
expected magnitede value (M) can be estimated. Usu-
ally, 10% for R and 50 years for t are substituted.

4, Results and Discussion

Equations 3 and 4 almost gave equal values for cor-
responding magnitudes. These two equations show that
for conversion of larger Ma: to mb give values which
are almost equivalent to the given Ms value such that
no anempts were made to calculate the seismicity pa-
rameters in terms of Ms.

The minimum magnitude (Mo) considered for the
calculation of the seismicity parameters in each moving
block whenever available was 4.0. The magnitude in-
crement was 0.1, Calculations for the valoes of the
parameter «bs were allowed to vary with magnitude
starting with the Mo, The value of «b= for each center
was selected when there seemed to be the tendancy of
leveling or stability with the magnitade /7/. The values
of «a» were taken corresponding to the values of «bs
and were respectively plotted in each degree latitudes
and longitudes of the modeled area. The resulis shown
in figs. 2 and 3 where iso-curves were drawn on the
basis of the plotted values to account for their spatial
distributions.

The range of «b» as obtained from equation | was
from 0.89-1.41. This range is in general agresment with
thase advocated by Thenhaus et al. /12/ which gave
from 0.89-0.92 for wansform faul; 1.01-1.04 for non-
transform; (0.89-1.11 for continental; and for combined
categories from 1.0-1.11 for Saudi Arabia. The rectan-
gular block 27-29° N; 34-35° E indicates «b» values
from 0.88 10 0.93 which are indicative for oceanic
transform fauls and mobile esrthquake generating
structures. The continemtai portion of northwestern
Saudi Arabia has the ab» values from 0.89-1.41, These
values are observed in young platforms and in crustal
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materials with high degree of heterogeneity /13/.

The Arabian shield is believed to have been formed
by suceessive accretions of enigmatic island arcs com-
posed of several cycles of metavolcanic, metasedimen-
tary and plutonic rocks. El-Isa and Al-Shani /1/ pro-
posed that the shield has been formed from micro-plate
accretions. Accordingly, the high «b» value (> 1) indi-
cates high seismic activity for small events. The pres-
ence of many lineaments in the continental portion of
the study area lent support to the «b» values obtained
thereat.

Fig. 3 shows that the «b» values distribution agrees
with the tectonic structures in the area, Above 27" N

latitude, the range of «bs value from 0.9 to 1.05 are.

oriented almost in & N-§ direction in alignment with the
Dead Sea transform fault system. Below 27° N latitude,
the iso-b curves ace in NNE direction which are in align-
ment with the assumed movement of the Arabian Penin-
sula and transform faults located along the northern Red
Sea. The spacings of the contour curves to the right side
of b=0.9 are closer compared to the left side. The left
side of fig. 3 is principally dominated by one main szis-
mic source which is the southern Dead Sea transform,
while the right side is composed of many secondary
seismic sources. It is not clear at present whether this is
due to extensional tectonics from the Red Sea rift sys-
tem. However, it seems that the iso-curve value b=0.9
divide the study area into two blocks or seismic zones.
It is also probable that the high «b» value on the conti-
nental part of NW Saudi Arabia may be due to insuffi-
ciency of seismic data. The expected magnitude value in
each latitude and longitude of the study area was ob-
tained from eguation 11 with R = 10% and t = 50 years.
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The results were plotted in their respective locations
from which contours of iso-magnitude curves were
drawn as shown in fig. 4. It can be seen that the one
square degree area (28-29" N; 34-35° E) is almost cov-
ered by an iso-curve of mb = 7.0 which from equatica 1
or 2 gave approximately Ms = 7.1. It is worthwhile to
mention that the 22 Nov. 1995 Agabah earthquake was
located in that compartment and has the magnitude
Ms=7.1 (USGS). The general agreement in location
and magnitude may indicate an appropristeness of the
model and representativeness of the quality of the uti-
lized data and assumptions.

Thenhaus et al. /12/ assigned maximum maguitude
for oceanic transform of Ms=7.2 with correction of
0.25 unit, while Al-Haddad et al. /14/ indicated that the
maximum credible magnitude for the gulf of Aqabah is
7.5. Using their respective assigned maximum magni-
tude in their studies, Thenhaus et al. /12/ obtained
probabilistic estimate of 0.4-0.45g peak ground accel-
eration (pga) at 90% non-exceedance in 100 years,
while Al-Haddad et al. /14/ got 0.2g (pga) at 10% ex-
ceedance in 50 years at distances of 20 km and 60 km
respectively for the Agabah source area. For the same
attenuation mode! and pga value obtained by Al-Hadd-
ad et al. /14/, the Ms=7.1 gave a distance of 40 km.
For t= 100 years, the present mode]l gave Ms=7.4.
This magnitude value is almost the same with Then-
haus et al. /12/ when the correction is added. From
their artenuation model and at the same pga value, they
gave also a distance of 20 km for the present model.
Since the shape of the Ms=7.1 and Ms=74 iso-
curves would be the same and cover their assumed
seismic zones for Agabah, these magnitude values are
within the range of their obtained pga’s and in agree-
ment with the present model. In comparison with their
respective values from the Nov. 22, 1995 earthquake,
the resulis from this study give better estimate. Iso-
magnitude curve interval of (125 unit (Fig. 4) shows a
closer spacing of decreasing iso-magnitude curves to
the right of mb = 7.0 which is in good agreement with
the spatial distribution of the «b+ value. The presence
of probable seismic sources in the area like secondary
transform faults assumed from heat and magnetic flow
studies in the northern Red Sea and tectonic lineaments
on the continental portions of NW Saudi Arabia could
explain the close spacings of the iso-curves and de-
creasing magnitude values toward the land areas.

The Dead Sea transform fault system is 4 major fec-
tonic fearure in the gulf of Agabah and has been active
since historical time. Because of this distinctive quality,
the occurrence of large scale events is expected and
quantified based from estimates on its fault length and
historical activities. The expectation and quantification
were in general agreement with our model,

The historical earthquakes of Ms=6.7 (1588) and
Ms = 7.0 (1068) were located by Ambraseys /6/ within
the rectangular area (27-29° N; 34-35° E) where seg-
ments of two major tectonic faults trending NINW are
also locared. Although these two historical earthguakes
were not incorporated in the analysis, their occurrence
in the future is & concern for NW Saadi Arabia. Since
the return time of the drawn map of magnitude is ap-
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proximarely 475 vears, the expected magnitude values
obtained along lengitude 36% E and latitudes 27-29° N
can probably account for these two historical earth-
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guakes which seemed that the 1068 event has re-ge-
curred in 1588 allowing influences of time and space
variables for the mechanism. Whether this supposition
is actually supported firmly by the model is uncertain
due to scarcity of instrumental data in this area. The
presence of the tectonic faults in this area requires cor-
responding intensive efforts for earthquake monitoring,
This area is a continental portion of Saudi Arabia and
the propagation of the seismic waves in the continental
parts is of high gquality /6/. Future socio-economic de-
velopments in this region should reckon the effects of
expected seismic hazards which as indicated in this
study shows a certain degree of precision in some are-
as.

In the aspect of recurrency, the observed maximum
earthquake in each one square degree compartment in
the study area is important for future reduction of seis-
mic hazards, Calculated seismic hazard for the histori-
cal earthquakes of 1068 and 1588 gave 49.4% and
42.7% respectively. Since the probability of exceedance
is approximately 67.3%, there is possibility that either
one of these two sarthguakes may occur in the near
future.

The calculated probability of occurrence of the ob-
served maximum earthguake in the other compartments
indicate higher values as shown in fig. 5. It can be seen
that the highest percentage that the maximum observed
earthquake can be exceeded in the near future occurs
along a strip which is almost in the middle portion of
the study ared.

Generally speaking, The expectancy seismic hazard
map has been prepared for an atternpt to make prelim-
inary bases for future occurrences of earthquakes of
concern i NW Saudi Arabia and probable identifica-
tion and delineation of selsmic source zones. Most of
the studies conducted by Thenhaus et al. /12/; Al-Amri
/15/ and Al-Haddad et al. /14/ in this area have been
based primarily on arbitrary zonation and the applica-
tion of the magnitude-frequency relation. Whereas, this
study endeavors to present an adaptive method for
physically reliable results and basis which can also be
applied in other areas of seismic concem.

5, Conclusions

The spatial distribution of the seismicity parameters
for NW Saudi Arabia were determined using the max-
imum likelihood methed with a moving dara source
area. The distributions were at every degree latitude
and longitude of the study area. The obtained values of
the parameters were assumed to fit the Poissonian
probability distribution from which the expected mag-
nitude in 30 years time at 10% probability of exceed-
ance were calculated. Results show that to some degree
of precision the expected magnitudes were agresable to
recent seismic activities and probabilistic estimate of
seismnic hazards particularly in the Agabah region.
Hence, this can be taken as an appropriateness of the
applied methodology and reasonableness of the as-
sumptions. Significantly, there were two aspects that
were preliminarily developed and these are the future

ARG
1 al
evameenne 2, 1998



occurrences of earthquakes of concern in NW Saudi
Arabin and the preparation for the probable identifica-
tion and delineation of seismic source zones.

The application of the aforementioned method is the
first of its kind in the study region, nevertheless, there
are strong indications of accuracy from the results that
the modeling is significantly appropriate. The results
were generated from an adaptive method from the
physically reliable point of view which could also be
applied 10 other areas of seismic concem for its further
validation,
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