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INTRODUCTION

The area of interest for this investigation is defined
by the latitudes 15° to 20° M and longitudes 37° to 45° E.
This area incorporates the south-western part of the
Arabian Shield and southern Red Sea (Fig. 1).

The regional distribution of the seismicity
Hum;hm:tﬂuﬂ:dﬁmhnﬁ little since the

of Drake and Girdler (1964), Gutenberg
.ln.d Richter um},msymmumm;znml

A further improvement in the detérmination of
epicentres has resulted from the establishment of the
Worldwide Standard Selsmograph Network (WWSSN)
in 1943, Fairhead and Girdler (19710 used the method
of Joinl tral Determination to relocate some
epicentres in the Red Sea to an accuracy of 10-20 km.
They indicated that epicentral locations were in error
by less than 0.35° in latitude or Jongitude.

Previous research on the seismicity of Africa and
Arabia indicates the presence of intermediate to
shallow focus es which are restricted to plate
boundaries, Thus, the Red Sea was recognized early in
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Fgure 1. A tectonic map of the southern Arablan Shield and Fed Ses
shorwing majer tectonic featune and the NE-tnending transhorm faults.
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the development of the global plate tectonic theory as
part of the worldwide rift system (Barazangi 1981; Sykes
1967)

Evidence of seismic activity in the southern Red Sea
and western Arabia is found in diverse sources
indicating its occurrence from historical tme to the
present (Ambraseys 1988; Ambraseys and Melville
1983; El-Tsa and Al-Shanti 1989; Pairier and Taher 1980),
The occurrence of the January 11, 1941 earthquake
{surface wave magnitue M =5.9, Ambraseys and
Malville 1983) with an aftershock on February 4, 1941
(M =52, Ambraseys 1958), the earthquake of October
17, 1955 (M =4.8) and the 1982 Yemen earthquake of
magnitude 6.0 (Langer ¢t al., 1987) highlighted the
hazards that may result from nearby selsmic sources
and demonstrated the vulnerability of northern Yemen
to moderate-magnitude and larger earthquakes.
Consequently, more studies started on local seismicity
and seismic hazard assessment (Barazangi 1981, 1983;
Merghelani 1979; Al-Haddad ef al., 1994; Thenhaus &
al., 1986}, Analysis of land and marine magnetic
anomalies (Hall 1979) indicates that some transform
fanlts may extend north-eastwards from the Red Sea
into the Arabian Shield. If these faults are active, then
seismic risk in western Arabia may be significant.

More recently, microearthquake studies in the
Tihamat Asir region (Merghelani and Gallanthine 1980)
show a higher level of seismicity. They located ten
events that ranged in magnitude from 2.0 to 2.5, Six of
these events were epicentred near the Ad-Darb fault.

The seven telemetered remote seismographic stations
of the King Saud University were established in the
southern Arabian Shield during the period 1988-1991,
Each station is equipped with a short period, single
component selsmometer and used as the primary
source for local and microearthquake information.

Due to the aforementioned considerable seismie risk
in a heavy populated area and the lack of local
seismicity studies, the main objective of this study is to
investipate the tectonics of the southern Red Sea and
its relation to the southern Arabian Shield by comparing
the in structural direchons from and
magnetics with the distribution of historical and
instrumental seismicity.

SEISMOTECTONIC SETTING

The Arabian plate is a relatively small lithaspherie
plate whose boundaries are representative of the
different types of plate boundaries. The opening of the
Red Sea has resulted in the development of tensional
tectonics along the weatern margin of the Arabian plate,
including its south-western portion.

The southern part of the Arabian Shield consists
predominantly of Precambrian metamorphic and
plutonic rocks (Greenwood e al., 1977). To the east, the
shield is bounded by the Phanerozoic sedimentary
rocks of the Arabian Platform, which dip gently
eastward and north-eastward. To the west, the Shield

abuits the Tertiary rocks at the eastern edge of the Red
Sea sea-floor spreading system. This teclonic boundary
is characterized by complex faulting, Tertiary dyke
injections and volcanism.

Both Precambrian rocks and the younger covering
rocks of the shield margin at the eastern edge of the
Tihamat Asir have been invaded by closely spaced
diabase dykes. The number of dykes increases from east
to west across the shield margin, Masses of gabbro and
granophyre intrude into the dyke complex (Greenwood
et al., 1977). Blank (1977} considered the exposed
western edge of the shield to mark the oceanic-
continental crustal boundary and interpreted lateral
offsets of the dyke swarm as Tertiary transform faults.

According to Hall {1579), two major Tertiary tectonic
north-east trending faults were identified in the
southern Red Sea region from the offsets of magnetic
anomalies. These faults could be considered as newly
formed transverse faults related to the opening and
rifting of the Red Sea.

All of the voleanic activity is associated with faull
zones and most of these occur on the crystalline shield
plateau. South of Ad-Darb a line of volcanic cinder
canes lies directly over the main fault zone. The largest
of the Pleistocene-Recent flood basalts on the Red Sea
coast is found in the Tihamat Asir and covers the coastal
plain for 165 km (Skipwith 1973).

Recent volcanism within the epicentral area confirms
the existence of magmatic activity in conjunetion with
the rifting process. The 1982 Yemen earthquake
occurred in an area of active extensional tectonism
characterized by a horst and graben structure and
Holocene basaltic voleanism (Thenhaus et al., 1988).

The majority of earthquakes and tectonic activities
are concentrated along the belt which extends from the
central Red Sea region south to Afar and then east
through the Gulf of Aden. This belt indicates active sea-
floor spreading along the deep axial trough (Hall 1979;
Girdler and Styles 1978; Le Pichon and Francheteau
1978). The distribution of the shallow focus earthquakes
(Fairhead and Girdler 1970) indicates that the axial
trough is an area of active spreading and the
earthquakes probably cocur where new cceanic crust
is being formed.

Based on earthquake catalogues for the southern Red
Seaand on mapped fault geometry, general geotectonic
information and epicentre distribution during this
century, two selsmogenic zones have been identified:
the Northern zone (north of latitude 18° N) and the
Southern zone (south of latitude 18* N). For each zone
estimates of the of the frequency-magnitude
relationships, describing the regional seismicity level,
are calculated.

EARTHQUAKE DATA TREATMENT

MNearly all catalogues document temporal
changes in the rate of activity with magnitude
ranges. Frohlich and Davis (1993) attribute this to
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changes in global network coverage and
station practice, which can systematically affect
es.

In order to construct a consistent and reliable
earthquake data set, the catalogue of the Saudi Arabian
Earthquake Database (SAED) has been compiled from
different sources and serves as the primary source for
the instrumental seismicity (1913-1994) in the southern
Red Sea region. Entries in SAED were cross-checked
and additions were made from various sources of

records to ensure thal repetitions are not
included in this analysis.

Searches were made in a number of seism
catalogues and bulleting including those of the
International Seismological Centre (I5C),
Determination of Epicentres (PDE) and related
publications, with special intérest in the work of
Ambraseys (1988), Ambraseys and Melville (1983) and
Poirier and Taher (1980). Local earthquake data for the
period 1988-1994 was acquired from the Seismological
Observatory, King Saud University, Riyadh.

For the period 1913-1964, the SAED catalogue relies
heavily on Ambraseys (1988), Guienburg and Richter
(1954), Poirier and Taher (1980) and, from 1965 onwards,
on the PDE, I5C and Ambraseys (1988). Since the above
sources contained events that were repeated mone than
once, it was necessary to eliminate the repetitions. The
evenls were considered duplicate if they had a lme-
origin difference of 15 seconds or less and a space-origin
difference of 50 km or less. In a given set of duplicate
events, an event which had a magnitude and PDE-
source was retained as the record of the event. However,
in the case of a set of repetitive records, in which neither
had a reported, the one which was derived
from a PDE- source was retained. Measures of
mﬂ:quuhemnppmrm ﬂmSA‘E‘Dutahgmns body-

Fnr mmu;uu; analysis nimﬂquahemmm
frequencies, the various measures of earthquake size
were converted to surface-wave magnitude, A least-
squares ion fit to the catalogue data for the
southern Red Sea gives the equation :

M, = 1.07 m, - 0476

A major problem in the evaluation of the frequency-
magnitude relationship is the incompleteness of the

catalogues. The common approach for treatment of this
incompleteness is to employ earthquake detection and
reporting probabilities (Stepp 1973; Al-Haddad ef al.,
1994). These probabilities are allowed to vary in time-
span and with the size of the earthquake. The number
of events for a c magnitude range are adjusted
to reflect the probability of detection and reporting. The
rate of ocourrence of the magnitude is then evaluated
based on the time-span over which it is observed to
DOCLLT.

The SAED catalogue for the period 1913-1994 has, in
this way, been made as homogeneous and complete as

possible. Consequently, epicentral locations and
seismicity were determined based on the
date reported in the aforementioned refined catalogue
(Table 1).

RESULTS AND DATA ANALYSIS

Instrumental Seismicity (1913-1994)

Historical data was incorporated into this
study as evidence for defining seismotectonic provinces
and extrapolating the short instrumental record to
longer periods,

Historically, about 10 earthquakes have cocurred
during the period 1913-1994 with surface-wave
magnitudes (M) between 5.2 and 6.1. The assigned
epicentres of these earthquakes are indicated in Figs. 2
and 3. Some of these events were associated with
earthquake swarms, long sequences of shocks and
aftershocks (the earthquakes of 1941, 1955, 1967 and
1993), The inconsistency of locations between different
compilations is of the order £30 km.

Ambraseys (1988) relocated the mainshock and
aftershock of the largest land e (M, =5.9) of
Feb. 4, 1941. The relocation gives 16.75% N, 43.33° E for
the mainshock and 16.9° N, 43.90° E for the aftershock
(Fig. 2).

Instrumental seismicity of the southern Red Sea
shows that 170 earthquakes (3.0<m, <6.6) are
to have occurred in the period 1965-1994. About 52%
(88 events) of the seismic activity ocourred in the axial
trough of the Red Sea north of latitude 187 N, and the
other 48% (82 events} also ocrurred in the axial trough
but south of latitude 18° N . An epicentral concentration
can be seen where the spreading zone is bisected by
the north-east ing transform faults. This is clear
in the vicinity of latiludes 16.8% and 19.7* N, The largest
marine earthquake (m =6.9) ocourred on March 12,
1967. The earthquake activity of this event near latitude
19.9° N took the form of a swarm that lasted {or a few
months during which 29 earthquakes occurred with
4.4-am_< 5.8. There is an apparently lower rate of activity
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Figure 2 Historical seismicity of the southern Red Sea region for the
period 19131064 A D,
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Table 1. A list of the historical and instramental seismicity dats for the southern Red Sea region from the period 19131984 A.D.
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earthquakes in the southern Arabian Shield with
magnitudes 27<M <4.5where M, is the magnitude to
log10. The largest two recent land earthquakes are
reported to have occurred on Jan. 9, 1993 at 17° N and
43.9" E (M, =4.5) and on Oct. 24, 1993 at 16.2* N and

44.3" E (M, =4.3). These evenls are indicated by open
dreles in Fig. 3. studies in the Tihamat
Asir 1979) show a higher level of

seismicity. He located ten events that ranged in
magnitude from 2.0 to 2.5. Six of these events were
located near to the Ad-Darb fault. These events are

velocity to the Moho, The sub-Moho (at 38 km depth)
P-wave velocity is 8.2 km s'. A Wadati plot of 5 and P
wave travel times from local events was used to

determine an average V /V, of 1.73.

Focal depths in the range 10 - 30 km have been
reparted for the 170 events. These depths are not reliable
and have been judged unstable because of the lack of
dense station coverage. Therefore, some of these depths
were fixed at 10 km, which is the average free depth
solution.

Frequency-Magnitude Relationship
A major problem in determining the frequency-
relationship for the southern shield area is
the considerable scatter in the distribution of
earthquake epicentres. This is due partially to location

€TTOrs.

The mislocation problem is even more severe for
early historical earthquakes (Pre-1900 A.D). Although
the documented selsmic history of the region dates back
to 200 B.C. {Ambraseys 1988), the inaccuracies in
determining locations and magnitudes of historical
events (Pre-1900 A.D.) are such that, with the exception
of a few cases, they cannot be associated with particular
zones, Consequently, the frequency-magnitude
relationships estimated here are based on earthquakes
which ocourred during the present century (1913-1994).
However, the historical information has been used to
validate the results .

To find the magnitude thresholds above which the
catalogues are consistent, the frequency versus
magnitude relationship was derived utilizing the
Gutenberg and Richter (1954) equation:

Log N=a - bM

where N is the number of earthquakes per unit time of
magnitude equal to or greater than M and a and b are
constants depending on tectonic factors such as the
nature of faulting associated with the earthquakes.
Clearly, b is a statistic measuring the proportions of
large and small earthquakes in the group. When b is
large, small earthquakes are relatively common,
whereas when b is small, small earthquakes are
relatively rare.

Because the seismicity of the southern Hed Sea is
generally moderate, and research has shown that
significant errors in the compuled b-value ocour when
the total number of are less than about 40
(Bender 1982), b-values for regional collections of the
two source zones having a total number of earthquakes
in each zone from 82 to 88 were thus computed.
Thenhaus el al. (1986) estimated b-values from
maximum likelihood fits (Weichert 1980) to the
combined data for the Red Sea and western Saudi
Arabia to be between -0.89 and -1.11.

Figure4 shows the plot of cumulative frequency (Log
N) of 170 events versus the magnitude for the period
1913-1994. The least-squares estimates fit well to the
whole southern Red Sea area for body-wave magnitude
equal to or greater than 4.2, although for the northern
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and southern zones taken independently, the least-
square estimates fit well for body-wave magnitudes
equal bo or greater than 4.4

Previous studies by Al-Haddad e! al. (1994) and by
El-Isa and Al-Shanti (1989) show that the b-values for
the whole southern Red Sea are in the range -0.50 to -
0.8, This study has found that a and b values for the
whaole southern Red Sea are 6.22 and -0.91 respectively:
The standard error in calculating the b-value is 0.03.
Mare specilically, for the northern zone of the southern
Red Sea area, a and b values are 5.41 and -0.80
respectively, They are 5.24 and -1.0 for the southern zone
of the southermn Red Sea area.

DISCUSSION AND INTERPRETATION

The regional and local seismicity shows that the
major transform faults of the southern Red Sea are a
considerable seismic risk and the refative level of
ground motion is moderate.

The seismicity map of Fig. 3 indicates a concentration
of activity near latitudes 16.5° and 19.6° N along the
transform faults in the deep axial trough of the southern

Red Sea. Blank (1977) showed that the distribution of
epicentres seems to be confined to narrow linear belts
coinciding with the axial trough and north-gast trending
fracture zones,

Examination of the total-intensity magnetic anomaly
map of the Red Sea (Hall et al., 1977) shows that some
magnetic anomalies are offset in a north-easterly
direction and others are normal to the axial trough
lineations. This could be due to the magnetic expression
of transform faults which cause the disturbance of the
magnetic anomalies. These faults trend in a north-
easterly direction, but because of the short distance
across the Red Sea it {s not possible to ascertain their
azimuths accurately from the magnetic anomalies. Hall
(1979) mapped large-amplitude, long-wavelength,
linear magnetic anomalies along the shelves of the
southern Red Sea and interpreted them as the
expression of oceanic crustal strips of alternating
remanent polarization that were emplaced during
Tertiary seafloor spreading and subsequently buried by
Miocene sedimentary deposits. These anomalies extend
onto the coastal plain and inland as far as the exposed
margin of the shield, where they are associated with
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the diabase dyke swarm and Blank 1982).

In order to investigate the relation between the
epicentral distribution and the tectonic features of the
study area, the locations of the faults inferred from the
offset of magnetic anomalies (Hall ef al, 1977} were
superimposed upon the seismicity map (Fig. 3 ). The
alignment of eplcentres and the north-east trending
fanults near latitudes 165" N could indicate that this fault
extends north-castward on land to at least 42° E. Focal
mechanism solutions for twio earthquakes located near
latitudes 17.2° and 19.5° N indicate nearly pure strike-
slip movement on north-east trending planes and
suggest seismic activity on rift transform faults
(Fairhead and Girdler 1970).

The propesed extension of the north-east fault has
not been field checked and traced in the Tihamat Asir
(coastal plains), because of the presence of thick deposits
of unconsolidated sediments. Evidence for the fault
zone, which is concealed beneath the pediment area of
the Tihamat Asir, Is seen in the straight fronts of the
shield edge, in the uplifted ts and in a line
of volcanic cones in the Tihamat Asir (Skipwith 1973).
Several earthquakes occurred on land near the
extension of the inferred fault. The 1962 earthquake
(M =4.7) that oceurred in the vicinity of latitude 18* N
(Fig. 2) to the west of Ad-Darb town, is reported to be
associated with a strike-slip mechanism (Fairhead and
Girdler 1970). Merghelani and Gallanthine (1980)
located six events in the ood of the north-
east Ad-Darb fault, south-west of the town of Abha.
Mare recently, in 1988, a moderate size earthquake
(M, =4.5) was located near Ad-Darb at 183° Nand 419°E.

The scatter of some epicentres in the shield area is
due to the complexity of the rift faulting, the temporal
operation of selsmic stations and inaccuradies involved
in the calculation of the epicentres because of the poor
azimuthal coverage of the existing stations (Fig. 3). The
low level of seismicity in the coastal plains is caused by
the fact that some deep faults exist without surface
traces. Marine epicentres (1921 and 1967) are considered

Log (N) = 6.218664 - 0.B1321 X M
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Figure 4. A magni relation for the period 19131994

hude-frequency
v Log of a cumulative number of events) showing the
limit of uncertainties.

of less riek than land earthquakes (1941, 1955 and 1993)
or seaquakes close to the shore (1962 and 1988) because
of the high attenuation of seismic waves travelling
through the rather soft and hot upper mantle material
beneath the sea.

The results of the frequency-magnitude relationship
show that the least square estimates fit well for the
northern and southern zones for the same data set only
when m, is equal to or greater than 4.4. This suggesis
that the SAED catalogue is complete for all
instrumentally recorded earthquakes having body-
wave magnitude equal to or greater than 4.4,

This study also indicates that the b-values gradually
increase southwards to attain a value of -1.0, The high
average b-value in the southern zone (south of latitude
18* N) compared to the northern zone (north of latitude
18® N) could be due to the heterogeneity in the
lithosphere, the applied stress not being uniform, or
both. The predominant stress field is the more recent
Red Sea rifting, of which the primary principal
compressional stress acts roughly perpendicular to the

ing axis of the Red Sea.

Udias (1977) correlated the low b-value with
heterogeneous physical conditions in the
crustal source region. Wyss (1973) pointed out that the
b-value increases as the degree of erustal heterogeneity
increases and as the degree of symmetry of the applied
stress decreases.

Different b values for the same data set may vary
according to different assumptions, such as maximum
magnitude and different techniques of treating
magnitude interval size, For different global catalogues,
Frohlich and Davis (1993) find values of b ranging from
0.79 to 1.25. Since the -magnitude relation is
not linear, the b-value varies by 15% or more, even for
individual catalogues, depending on the exact range
of magnitude used for its determination,

SUMMARY AND CONCLUSIONS

Analysis of the seismicity data from the southern Red
Sea region in conjunction with other available magnetic
and geologic information enable the following
conclusions to be drawn:

i) the frequency-magnitude analysis indicates that
earthguakes with a body-wave magnitude equal to or
greater than 4.2 have been well determined for the
southern Red Sea region

#) the selsmicity is shallow and mainly associated
with the deep axdal rough zone in the central Red Sea

ifi} the correlation of the offshore epicentral
distribution with the major tectonic features is, in
general, quite good. However, the low level of
seismicity in the shield area and a poor correlation with
the tectonics might be due to the complexity of faulting,
lack of detection of small events and poor or inaccurate
arimuthal coverage of stations.

fv) structural patterns inferred from magnetic data
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and earthquake locations (affshore and onland) provide
evidence for the continuation of the faulling regime
from the southern Red Sea north-eastward into the
Arabian Shield

v} most of the seismicity of this region is of the
swarm-type and is veolcanic-related. Results of
selsmicity parameters suggest that a higher b-value for
the southern Red Sea means that a smaller fraction of
the total occurs at the higher magnitudes
and that the area of highest selsmic risk is the spreading
centre of the southern Red Sea.

Acknowledgments

The author wishes to thank the Seismological-
Geophysical Observatory of the King Saud University
for providing local earthquake data. Special thanks are
extended to D William Spence and Glen Reagor for
providing historical and instrumental data. The author
also acknowledges Dr. Kevin Kelly for his critical review
and helpful suggestions for the fmprovement of this
manuscript.

REFERENCES

Al-Haddad, M.S., Stddiqi, G., Al-Zaid, R.Z., Arafah,
AM., Necioglu, A. and Turkelli, N. 1994. A basis for
evaluation of seismic hazard and design criteria for
the Kingdom of Saudi ArabiaEarthquake Spectra 10,
231-358.

Ambraseys, N.M. 1988.The seismicity of Saudi Arabia
and adjacent areas. Report 88/11, 294p. Engineering
Seismology and Earthquake Engineering, Imperial
College of Science and Technology, London, United

om.

Ambraseys, NN, and Melville, C.F, 1983. Seismicity of
Yemen. Nature 3, 321-323,

Barazangi, M. 1981. Evaluation of seismic risk along
the western part of the Arabian Plate: Discussion and
Recommendatons. Bulletin Faculty Earth Science, King
Abdulaziz University 4, 77-87.

Barazangi, M. 1983, A Summary of seismotectonics of
the Arab region. In: Assessment and mitigation of
earthguake risk in the Arab region (Edited by
CidlinskyK. and Rouhban,B.M.) pp43-58.

Bender, B. 1982. Sensitivity analysis of seismic risk using
a fault rupture model. Report 82-294, 75p. United
States Geological Survey, California, U.S.A.

Elank, H.R. 1977. Aeromagnetic and geologic study of
Tertiary dykes and related structures on the Arabian
Margin of the Red Sea. In: Rad Sea research 1970-1975
(Edited by Directarate General of Mineral resources)
pp G1-G18. Jeddah, Saudi Arabia.

Drake, C.L and Girdler, RW. 1964. A geophysical Study
of the Red Sea. Geophrysical [osurmal Royal Astronarmical
Society 8, 473495,

El-Isa, Z. and Al-Shant, A 1989. Seismicity and tectonics
of the Red sea and Western Arabia. Geophisical Jourmnal
Royal Astronomical Society 97, 449-457.

Fairhead, |.D. and Girdler, R.W. 1970. The Seismicity of
the Red Sea, Gulf of Aden and Afar triangle.
Philosophical Transaction Royal Society London 267, 49-74.

Frohlich, C. and Davis, 5.0, 1993, Teleseismic b values;
or, much ado about 1.0, feurna! Geoplysical Ressarch
98, 631-644.

Girdler, RW. and Styles, P. 1978, Sea floor spreading in
the western Gulf of Aden. Nafure 271, 615-617.

Greenwood, W.R., Anderson, R.E., Fleck, R.J. and
Roberts, RL]. 1977. Precambrian geologic history and
plate tectonic evolution of the Arabian Shield. Report
222, 97p. Directorate General of Mineral Resources,
Jeddah, Saudi Arabia.

Gutenburg, B. and Richter, C.F. 1954. Seismicity of the
Earth. 310p. Princeton, University press, New Jersey.

Hall, 5.A. 1979, A total intensity magnetic anomaly map
of the Red Sea and its interpretation. Report 275, 260p.
Directorate General of Mineral Resources, Jeddah,
Saudi Arabia.

Hall, S.A., Andreasen, G.E., and Girdler, RW. 1977.
Total-intensity magnetic anomaly map of the Red Sea
and adjacent coastal areas - A description and

interpretation. In: Red Sea research 1970-
1975 (Edited by Directorate General of Mineral
Resources) pp F1-F15. Jeddah, Saudi Arabia

Kellogg, K.5. and Blank, H.R. 1982, Paleomagnetic
evidence bearing on Tertary tectonics of the Tihamat
Asir coastal plain, southwestern Saudi Arabia. Report
02-65, 37p. Deputy Ministry for Mineral Resources,
Jeddah, Saudi Arabia.

Langer, C., Bollinger, G. and Merghelani, H. 1987.
Aftershocks of the 13 December 1982 North Yemen
earthquake : Conjugate normal faulting in an
extensionnl setting. Bulletin Seismological Society
America 77, 2038-2055,

Lee, W.H. and Lahs, J. 1975, HYPOT1 (revised) : A
computer program for determining hypocenter,
magnitude, and first motion pattern of local
earthquakes. Report 75-311, 116p. United States
Geological Survey, California.

Le Pichon, X. and Francheteaw, ], 1978, A plate teclonic
analysis of the Red Sea - Gulf of Aden area.
Tectonophysics 46, 369406,

Merghelani, H. 1979, Seismicity of the Tihamat-Asir
region, Kingdom of Saudi Arabia. Reporf 261, 20p.
Directorate General of Mineral Resources, Jeddah,
Saudi Arabia,

Merghelani, H. and Gallanthine, 5. 1980. Micro-
earthquakes in the Tihamat-Asir region of Saudi
Arabla., Bulletin Seismological Society America 70,2291
2293

Mooney, WD, M.E., Blank, H.R. and Healy,
J.H. 1985. Saudi Arabian seismic deep-refraction
profile : A travel time interpretation of crustal and
upper mantle structure. Tectonophysics 111, 173-246.

Poirier, ].P. and Taher, M.A. 1980, Historical seismicity
in the near and middle east, north Africa, and Spain
from Arablc documents (VIIth - XVIith centuryl).
Bulletin Seisnological Sociehy America 70, 2185-2201.



Seismicity of the south-western regian of the Arablan Shicld and southern Red Sea 5

Skdpwith, P 1973. The Red Sea and coastal plain of the
Kingdom of Saudi Arabina, A review. Report 1, 149p.
Directorate General of Mineral Resources, Jeddah,
Saudi Arabia.

Stepp, 1.C. 1973. Analysis of completeness of the
earthquake sample in the Puget sound area and its
effect on statistical estimates of earthquake hazards.
In: Contributions fo seismic zoming: National Oceanic and
Atmospheric Administration, (Edited by Harding, 5.T)

Ppl6-26.

Sykes, L.R. 1967, Mechanism of and nature
of faulting on the Mid-ocean ridges. Journal
Geophysical Research 72, 2131-2153.

Sykes, L.R. and Landisman, M. 1964. The seismicity of
east Africa, the Gulf of Aden and the Arabian and

Red Seas. Bulletin Seismological Society America 54,

1927-1940.

Thenhaus, BC., Algermissen, 5.T., Perkins, D.M.,
Hanson, 5. and Diment, W, 1986. Probabilistic
estimates of the seismie ground-motion hazards in
western Saudi Arabia. Report 06-8, 64p. Deputy

Udias, A. 1977, Time and magnitude relation for three
microaftershock series near Hollister, California.
Bulletin Seismological Society America 67, 173-185.

Weichert, D.H. 1980. Estimation of earthquake
recurrence parameters for unequal observation
Society America 70, 1337-1346.

Wyss, M. 1973. Towards a physical understanding of
the earthquake frequency distribution. Geephysioal
Jowrnal Royal Astronomical Society 31, 341-359.



