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KEYWORDS Abstract Egypt is characterized by moderate size seismicity where earthquakes are distributed
Seismicity; within several active regions. In the present study, we investigated the source mechanism of earth-
Seismotectonics; quakes using the digital waveform data recorded by the Egyptian National Seismic Network
Focal mechanism; (ENSN) during the period from 2004 to 2008. The focal mechanisms are constructed with high reli-
Stress tensor inversion ability based on the polarity of the first motion of P-wave.

These solutions are used to examine the mode of tectonic deformation and the present-day stress
field pattern affecting on different tectonic provinces in the northern part of Egypt. The results
demonstrate mainly a normal faulting mechanism with minor strike slip component generally trend-
ing parallel to the northern Red Sea, the Suez rift, Aqaba rift with their connection with the great
rift system of the Red Sea and the Gulf of Suez and Cairo-Alexandria trend.

The inversion technique scheme is used also in the present study for determining the regional
stress field parameters for earthquake focal mechanism solutions based on the grid search method
of Gephart and Forsyth (1984). The Results of the stress tensor using focal mechanisms of recent
earthquakes show a prevailed tension stress field in N52°E, N41°E and N52°E for the northern Red
Sea, Gulf of Suez and Gulf of Aqaba zone respectively.
© 2015 Production and hosting by Elsevier B.V. on behalf of National Research Institute of Astronomy

and Geophysics.

1. Introduction

The northern part of Egypt is affected by tectonic movements

* Corresponding author. along a number of plate tectonic boundaries. Thus, significant
Peer review under responsibility of National Research Institute of seismic activity is generated due to the relative motions
Astronomy and Geophysics. between these three plates (African, Arabian and Eurasia

plates). In this study, we focus on the area extending from
27°N to 31°N latitudes and 32°E to 36°E longitudes, which
HLSEVIER Production and hosting by Elsevier includes as few distinct regions (the Northern Red Sea, Gulf
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of Suez, Gulf of Agaba and Sinai Peninsula), as it is shown in
Fig. 1.

The northern part of Egypt plays an important role in both
historical and recent seismicity. Historically, few events have
been reported very close to the Suez—Cairo district. The closer
ones are that of 2200 BC (intensity = VII; macro seismic mag-
nitude Mg = 5.4) and the destructive earthquake which
occurred at the apex of the Suez Gulf in October, 1754 with
intensity ranges ~VII-IX and Mg of 6.6 (Ambraseys et al.,
1994). The large earthquakes are known to occur at larger dis-
tances along the northern Red Sea and the Gulf of Suez (e.g.,
the Shadwan earthquake in 1969 (Mw = 6.9); the Gulf of
Aqgaba earthquake in 1995 (Mw = 7.3) as well as in the
Mediterranean offshore (i.e., the Alexandria earthquake in
1955 (Mg = 6.8); and the Cyprus earthquake in 1996
(Myw = 6.8). Instrumental seismicity from November 1997 to
December 2009 shows few small-moderate size events with
magnitudes up to M = 5 in this active area that are well
recorded by the Egyptian National Seismic Network (ENSN)
Bulletin (1997-2009).

There are several methods used for determining focal mech-
anism solutions (FMSs) such as polarity of P-wave first motion,
amplitude ratio of S waves (e.g. Khattri, 1973), the analysis of
P/S amplitude ratios (e.g. Kisslinger et al., 1981) and moment
tensor inversion (e.g., Stein and Wysession, 2003). All these
methods used the radiation pattern of seismic rays that expresses
the orientation of the active fault and the slip direction.

In the present study we determined the focal mechanism
solutions based on the polarity of P-wave first motion where
constructed for a set of earthquakes that occurred during the
period 2004-2008 in order to evaluate the stress field pattern
affecting on the area of study using the digital waveform data
recorded by the Egyptian National Seismic Network (ENSN)
Fig. 2.

Location map of the study area.

Knowledge of the stress field in a region is an important
tool to understand local and regional effects induced by
large-scale plate tectonics and the subsequent deformation
field. According to the objects used to retrieve the stress field,
different time periods are sampled. On one hand, slickensides
measured on a sedimentary or crystalline outcrop describe
the whole tectonic history experienced by the region. On the
other hand, seismological data give an instantaneous picture
of the present-day stress field. For example, Lund and
Slunga (1999) presented stress tensor inversion based on
detailed micro-earthquakes data in southwest Iceland.
Together with accurate relative location, it was possible to
assign a common fault plane to a cluster of events. In this
paper, the direction and the shape of the stress tensor in the
Northern Red Sea, Gulf of Suez and Gulf of Agaba were
determined from the seismological data, providing us with
the present-day average state of stress prevailing in the region.

2. Geological and tectonic setting

The Study area is a part of the northern African continent.
Egypt forms the northeast corner of Africa and is bounded
by three active tectonic margins: the African—Eurasian plate
margin; the Red Sea plate margin; and the Levant-Dead Sea
transform fault. Three main tectonic deformations affecting
northern Egypt are Jurassic-Early Cretaceous rifting, Late
Cretaceous-Early Tertiary wrenching, and Miocene and post-
Miocene extension. The tectonics of northern Egypt has been
developed depending on detailed subsurface studies of the
authors (Abdel Aal et al., 1994; Mosconi et al., 1996). Gener-
ally the major part of tectonic deformation within Egypt is
remote and took place along those margins mentioned before
(the African—Eurasian plate margin; the Red Sea plate margin;
and the Levant-Dead Sea transform fault) as revealed by an
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observed highest rate of the seismic activity. Basing on geo-
physics studies in the territory of Egypt, three major tectonic
trends are recognized namely the Red Sea trend oriented
NW-SE, the Gulf of Aqaba trend oriented NE-SW and the
Mediterranean trend oriented E-W (Youssef, 1968). On the
other hand, Halsey and Gardner (1975) and Meshref (1982)
considered the WNW-ESE trend as the significant tectonic
trend in northern Egypt.

The Gulf of Suez is northwest trending basin stretches some
300 km north by northwest, separated from the Red Sea by the
Aqaba transform fault, terminating at Suez city at the south-
ern entrance of the Suez Canal. The major features of forces
are the existence of a series of major faults that extend along
the rift and bound it from both sides in Fig. 3. Meshref
(1990) excluded the rifting by right lateral but approved a
regional extension in a direction approximately perpendicular
to it. The present shape of the Gulf of Suez has been deter-
mined by fracture systems which were possibly still due to tec-
tonic events caused by movements of the Nubian, Arabian and
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Geographic distribution of Egyptian National Seismic Network (ENSN) Stations.

Sinai plates and also the resulting rift trend, the (NNE-SSW)
Agaba trend.

The Red Sea, which forms the boundary between the Afri-
can plate and Arabian plate, bifurcates into two branches: the
Gulf of Suez and the Gulf of Aqaba. The Red Sea includes
extensive shallow shelves, which were formed by Arabia split-
ting from Africa due to plate tectonics. The northern Red Sea
is characterized by active extensional features (Ben-Menahem
et al., 1976) and it occupies an elongated escarpment bounded
depression between the uplifted Arabian and Nubian Shields.
Stratigraphic and structural studies show that the Red Sea
and Gulf of Suez rifting began in Oligocene time and devel-
oped in Miocene (Garfunkel and Bartov, 1977).

The Gulf of Aqaba represents the arm of the Red Sea, sep-
arating Saudi Arabia and Sinai Peninsula and its main faults
trends are in the N-S to NNE-SSW directions. The Gulf of
Aqaba formed the inner, active core of a 60-80 km wide defor-
mation zone that constitutes the southern segment of Dead Sea
Transform (DST). Eyal et al. (1981) and (Garfunkel and



208

E.K. Mohamed et al.

o —
0 100 200

Mediterranean Sea

T~ The surface faults dotted where concealed.

T~_ The recent surface faults.
T~ Eocene faults.

Figure 3 Tectonic boundaries of the Eastern Mediterranean
Region (compiled by Abou Elenean and Hussein (2008) and
Egyptian Geological Survey (1981)).

Ben-Avraham, 1996) returned back to the late Oligocene and
early Miocene nearly at the initial stage of the Red Sea rift,
also they produced an independent estimation of the total
motion is about 100 km from regional plate kinematics data.
The Gulf of Aqaba is narrow structure and characterized by

significant depths reaching 1800 and surrounding by high
mountain range of Sinai and Hejaz up to 2600 m; therefore,
the total difference in height over 4000 m suggested that tec-
tonic processes have occurred faster than erosive processes
(Klinger et al., 1999). From the field studies, Lyberis (1988)
and Bayer et al. (1988) observed two conjugate faults along
the Gulf of Aqaba; NNE left lateral strike slip faults parallel
to the gulf that release the majority of stress and nearly
ESE-WNW normal faults along the margins of pull apart
basins. Furthermore, Pinar and Tirkelli (1997), Klinger
et al. (1999), Hofstetter et al. (2003), Abdel Fattah et al.
(2006) asserted the dominance of ENE-WSW extension
(N60°-80°E) along the Gulf of Aqaba.

3. Data and methods

The waveform data (Seismograms) used in the present study
were obtained mainly from the National Seismic Network in
Egypt (ENSN) which established in 1997, Fig. 1. These data
are extracted from remote sites online to the ring buffer by
ATLAS PROGRAM Version 1.2 Fig. 4, provided by Nano-
metrics Inc., Kanata, Ontario (Canada). The stations from
other neighboring networks are generally too far from the epi-
center of the earthquakes to provide useful information, and
thus, only a few data readings of those networks were incorpo-
rated in our data set such as Elat Station in Israel.

A re-location for 24 selected seismic events during the per-
iod from 2004 to the end 2008 was done using HYPOIN-
VERSE Program. Events which fulfilled the following
conditions were selected and the conditions are at least very
clear 10 P-wave phases and at least 2 S-wave very clear phases,
good azimuth coverage of stations and keeping only events
with low RMS. The second step is to check the number and
the coherency of the polarities; hence, the focal mechanisms
were constructed.

The focal mechanisms of events have been done manually
to test and avoid earthquakes with noticeable wrong polarities.

P

(T[] i o]

location:
depth:

_ oem| o] oos 30s) as) G0s) am| o osl 20s) 0s) AOfl] 8Os GAm) dGs) 20s) o o0s) dos cOs) gem| dos) z0s]
E f E
(1] - £ |
HLzarBHz | 2] 3
2 P 3
HLZNMBHZ | {20 = 00
e HLsuzsnz o] =
name:  03:52:37.9200 O 1 =
date: 20080314 — =
tme:  0352:37.9200 GMT 5 ==

29.546 N 324972 E

10.02 km

Imagnitude:2.68 Duration

»

2008-03-14 03:53:21.7734 leiaht: -1.84083522E5

Figure 4 An example of picking of P-wave phases using ATLAS Software.
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Table 1 Crustal structure models used for different regions.

Layer No. First layer Second layer Third layer Fourth layer

Layer parameters H Vp Vs H Vp Vs H Vp Vs H Vp Vs
El-Hadidy (1995) 3.5 4.5 2.52 12.5 6 3.37 15 6.5 3.6 - 8.0 4.49
Marzouk (1988) 4.0 4.0 2.32 8.0 6.3 3.66 10 6.6 3.83 = 8.0 4.47

Abbreviations: H: layer thickness; Vp: P-wave velocity; Vs: shear wave velocity.

The solutions are carried out using the software package devel-
oped by Suetsugu (1995). Two-dimensional P-wave velocity
models El-Hadidy (1995) for Gulf of Suez and Gulf of Aqaba
area, and (Marzouk, 1988) for Northern Red Sea were used for

locating the studied events as shown in Table 1. In our study
we used the grid search method of Gephart and Forsyth
(1984) for determining the orientation and shape of the stress
tensor.
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Figure 5 Local Seismic activity recorded by Egyptian National Seismic Network (ENSN) during the period from November, 1997 to

December 2008.
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4. Seismicity

The seismicity of Egypt was studied by many authors (e.g.,
Sieberg, 1932; Ismail, 1960; Gergawi and El-Khashab, 1968;
Maamoun et al., 1984; Kebeasy, 1990; Abou Elenean, 1997).
In their studies, the seismicity maps are based on the regional
geological structures and sometimes based on the dominant
tectonic stress. The seismic activity was reported in four
narrow belts (Levant-Aqaba; Northern Red Sea-Gulf of Suez;
Cairo—Alexandria trend; Eastern Mediterranean—Cairo—Fayo
um and Mediterranean Coastal Dislocation) which represent
the major tectonic trends in northern Egypt.

The seismicity of Egypt was characterized by small to mod-
erate earthquakes due to the relative motions between the Afri-
can, Arabian and Eurasian plates. The highest seismicity rates
are found at the eastern boundaries of Egypt at the Gulf of

Agaba which forms the southern end of the Dead Sea Fault
and the northern part of the Red Sea.

With the establishment of Egyptian National Seismic
Network (ENSN) more activity with accurate parameters
was revealed. The earthquakes recorded by ENSN from
November 1997 to December 2009 reflected incredible increase
in the number of smaller earthquakes. This large number of
events could be attributed to the increase of the seismic sta-
tions and hence the delectability of ENSN. These earthquakes
are located at specific seismic zones that reflect their tectonic
activity for local and regional events in Figs. 5 and 6 respec-
tively which are as follows:

1. Cairo-Suez shear zone which extends from the apex of the
Suez Gulf toward Cairo City and is characterized by mod-
erate activity.

Figure 6 The compiling of local and regional seismic activity recorded by Egyptian National Seismic Network from November, 1997 to
December 2009 (modified after Abou Elenean and Hussein, 2008; Egyptian Geological Survey, 1981).
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2. The Gulf of Aqaba and its extension toward into the north
which is characterized by high seismic activity.

3. The entire Gulf of Suez a cluster of seismic activity comes
clearly from the central part of Gulf.

4. The northern part of the Red Sea characterized by seismic
activity which tends to lie at the Aqaba fault extension to
the south.

5. Focal mechanism

Focal mechanisms of small to moderate size earthquakes
recorded by ENSN indicate a Normal faulting with strike slip
component and these fault plane solutions correspond to
active faults of each area and prevailing dominant tension
stress along the northeast African corner and a dominant com-
pression toward the Mediterranean Sea along the transition
zone between the continental and oceanic crusts. The tension
axis trends ENE-WSW along the Gulf of Suez, Gulf of Aqaba,
and the Red Sea rift. The following are the results of focal
mechanism solutions for each active zone.

5.1. The northern Red Sea

In this study thirteen events are selected. The location of these
events is shown in Fig. 7 and the hypocentral parameters of
these events and focal mechanism parameters are listed in
Table. 2. These solutions are subdivided into three groups.
The first group is located at the entrance of Gulf of Aqaba
Fig. 7. The event no. 3 located at the Gulf of Aqaba entrance
shows a strike slip faulting with minor normal component and
its nodal planes are trending nearly NNE-SSW and ESE-
WNW, while the event no. (6, 7, 12, 13) show mainly normal
faulting, their nodal planes are trending N-S to NW-SE paral-
lel to the Red Sea rift axis and its extension along the Suez gulf.
These events show a T-axis directed NE-SW, which is consis-
tent with the dominant tension stress along the Red Sea.

The second group is located at the south tip of Sinai Fig. 7:
events no. (1, 5, 9, 11) show a normal faulting mechanism with
minor strike slip components and its nodal planes trending
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Figure 7 The location of the events used for focal mechanism
analysis in the northern Red Sea. The numbers above the focal
mechanism are their orders according to Table 2.

NW-SE to N-S and all planes are nearly parallel to the Red
Sea trend except event no. (1), its nodal planes trending
NW-SE to E-W.

The third group is located at Shadwan Island and sur-
rounding area, Fig. 7: event no. (10) that is located at Shadwan
Island shows strike slip faulting with nodal planes trending
N-S and E-W. This event is located very close to the proposed
site of the triple junction (Red Sea—Gulf of Suez—Gulf of
Aqaba) while events no. (2, 4 and 8) located at the entrance
of the Suez gulf show normal faulting with strike slip compo-
nents but event no. (10) Close to Shadwan Island shows Strike
slip fault with normal components. The Planes of the events
no. (4 and 8) are directed parallel to both Gulf of Suez and
the Red Sea.

All focal mechanism solutions gave a T-axis directed ENE-
WSW which is consistent with the dominant tension stress
along both Gulf of Suez and the Red Sea according to Previ-
ous studies (Abou Elenean, 1997; Megahed, 2004), and they
suggested that the focal mechanisms along the northern Red

Table 2 The source parameters of events located at the northern Red Sea.

No. Date Time Location Nodal plane H (km) RMS ERH ERZ ML
Y M D H M S Lat. Long. Strike Dip Rake
1 2004 04 27 11 20 40 27.39  34.62 121 52 —69 5.5 0.3 1.54 3.9 3.5
2 2005 05 04 19 47 15 2728  34.15 352 83 —52 5.4 0.1 1.87 1493 3.1
3 2005 07 23 14 55 22 28.01 34.58 179 61 =22 5.5 0.1 2.5 3.4 3.0
4 2005 10 28 17 00 09 2771 33.58 284 41 —143 25 0.16 1.0 1.57 38
5 2005 11 11 15 33 08 2726 3443 196 25 -32 11 0.0 2.5 3.8 3.7
6 2006 01 30 03 33 27 2790 3441 149 55 —84 15 0.21 1.22 1.09 28
7 2006 02 02 09 49 50 27.88 3445 309 41 —124 12 0.29 0.84 132 45
8 2006 04 06 10 58 12 27.64 3374 144 50 —68 9.3 0.20 1.27 2.54 3.0
9 2008 03 20 09 06 33 27.53 3431 151 63 —126 7.49 0.28 2.61 3.01 3.1
10 2008 05 04 0l 08 15 2749 3393 354 77 —10 3.9 0.20 0.70 213 3.0
11 2008 05 24 00 37 53 27.64 34.32 316 84 =31 4.0 0.20 1.14 2.01 3.1
12 2008 05 29 06 10 50 27.83 3446 304 44 =73 7.1 0.22 1.03 227 3.0
13 2008 05 29 07 16 22 2784 3448 289 40 -92 8.1 0.24 0.93 222 39

ML: local magnitude, H: focal depth, RMS: root mean square, ERH: error in horizontal direction, ERZ: error in vertical.
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Figure 8 Diagrams of focal mechanism solutions of events
located at the northern Red Sea.

Sea-southern part of Suez gulf have a dominant ENE-WSW
tension stress (~N56°E) with the exception of local stress per-
turbation closer to the proposed triple junction. Fig. 8 shows

Focal mechanism of event no.13

Fig. 8 (continued)

Figure 9 The location of the events used for focal mechanism
analysis in the Gulf of Suez. The numbers above the focal
mechanism are their orders according to Table 3.

diagrams of focal mechanism solutions of each event located
at the northern Red Sea. In this paper, some data are not
enough to define the two planes due to lack of stations and
are well not distributed geographically around the epicenter,
e.g. events no. (2, 8 and 9).
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Table 3 The source parameters of events located at the Gulf of Suez.

No. Date Time Location Nodal Plane H (km) RMS ERH ERZ ML

Y M D H M S Lat. Long. St. Dip Rake

1 2004 07 06 12 13 15 29.50 32.53 325 44 —82 24.4 0.3 1.21 1.55 34

2 2004 08 16 22 42 50 2893 32.77 279 72 —128 8.4 0.2 1.66 2.5 2.8

3 2006 09 28 06 32 12 2847  33.10 308 53 —63 13.5 0.2 0.59 1.24 34

4 2008 01 25 03 19 42 2832 3325 304 30 —133 17.5 0.1 1.03 2.07 2.4

5 2008 03 14 03 52 37 29.54 32.49 143 46 —69 10.0 0.1 0.72 0.83 2.6

ML: local magnitude, H: focal depth, RMS: root mean square, ERH: error in horizontal direction, ERZ: error in vertical.

Figure 10

Diagrams of focal mechanism solutions of events located at the Gulf of Suez.

g

Focal mechanism of event no. 4

Focal mechanism of event no. 5



214

E.K. Mohamed et al.

5.2. The Gulf of Suez

In this area five earthquakes are selected for focal mechanism
analysis. The solutions of events no. 1, 3, 5 are mainly pure
normal faulting mechanism and its nodal planes trending
NW-SE and parallel to the Gulf but event no. 2 is trending
NW-SE and N-S and event no. 4 is trending NW-SE and E-
W. These solutions reflect good agreement with the surface
faults crossing the Eastern Desert from the Gulf apex toward
Cairo as shown in Fig. 9 and their parameters are listed in
Table 3. They occurred along the central part of the Gulf of
Suez and reflected generally normal fault that has the main
trend of the Suez Gulf. The dominant tension stress prevails
along the entire Suez Gulf without an indication of compres-
sive stress.

Previous studies along The Gulf of Suez illustrated that
there is a left lateral movement (Ben-Menahem and Aboodi,
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Figure 11  The location of the events used for focal mechanism
analysis in the Gulf of Agqaba. The numbers above focal
mechanism are their orders according to Table 4.

1971; Ben-Menahem et al., 1976; Garfunkel and Bartov,
1977; Chenet et al., 1985), while Maamoun et al. (1980),
Tapponnier and Armijo (1985), Courtillot et al. (1987),
Moustafa and Abd-Allah (1992) and Moustafa (2002)
assumed a right lateral movement. The Focal mechanism solu-
tions along the Gulf of Suez in this study reveal slight right lat-
eral shear along WNW-ESE. All rupture planes are directed
parallel to the gulf, and the main trend of 7T-axis from all solu-
tions along the gulf is NNE-SSW which is consistent with the
dominant tension stress along the Gulf of Suez. Fig. 10 shows
diagrams of focal mechanism solution of each event located at
the Gulf of Suez.

5.3. The Gulf of Aqaba

The Gulf of Agaba is the most active seismic source in Egypt,
many of its recorded events are not considered due to either
the lack of data or the bad azimuth cover of the ENSN along
the Gulf of Agaba. Only four events at the central part are
selected. The solutions of the events are shown in Fig. 11
and their parameters are listed in Table 4. The solution of
events no. 3 and 4 close to each other with the same location
shows normal faults with minor strike slip components along
nodal planes trending NW-SE and WNW-ESE. These planes
are consistent with the transverse faults crossing the main
Agaba fault trends. These events gave P-axis directed
NW-SE and T-axis directed NE-SW which is consistent with
the dominant tension stress along Gulf of Aqaba.

Meanwhile, the solutions of events no. 1 and 2 show also nor-
mal faults with larger strike slip components along nodal planes
trending nearly NNE-SSW parallel to the main Aqaba trend.
The P-axis of these events is directed NE-SW while the T-axis
is directed nearly E-W perpendicular to the Gulf of Agaba.

Many authors (Pinar and Tirkelli, 1997; Klinger et al.,
1999; Hofstetter et al., 2003; Abdel Fattah et al., 2006) assert
the dominance of ENE-WSW extension (N60°-80°E) along
the Gulf of Aqaba. Furthermore, from the field studies
(Lyberis, 1988 and Bayer et al., 1988) observed two conjugate
faults along the Gulf of Aqaba; NNE left lateral strike slip
faults parallel to the Gulf that release the majority of stress
and nearly ESE-WNW normal faults along the margins of pull
apart basins. Fig. 12 shows diagrams of focal mechanism solu-
tion of each event located at the Gulf of Aqgaba.

5.4. Sinai Peninsula

Only two events are selected in this area due to the fact that the
occurrences of moderate size earthquakes were fewer during
our study time interval. Also, the most of this area located

Table 4 The source parameters of events located at the Gulf of Agaba.

No. Date Time Location Nodal Plane H (km) RMS ERH ERZ ML
Y M D H M S Lat. Long. St. Dip Rake

1 2005 01 20 13 41 50 28.50 34.66 41 43 —56 18.78 0.3 2.93 1.48 32

2 2008 02 03 17 06 46 28.76 34.79 58 75 -29 13.69 0.2 1.65 0.69 3.2

3 2008 04 04 14 05 20 28.78 34.75 146 46 —61 6.87 0.3 2.52 1.51 3.7

4 2008 04 04 14 14 48 28.70 34.71 145 46 —67 7.11 0.2 2.21 1.31 3.0

H: focal depth, RMS: root mean square, ERH: error in horizontal direction, ERZ: error in vertical.
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Figure 12  Diagrams of focal mechanism solutions of events located at The Gulf of Aqaba.
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Figure 13  The location of the events used for focal mechanism
analysis in Sinai Peninsula. The numbers above focal mechanism
are their orders according to Table 5.

at the stable shelf. Hence it is characterized by low seismicity.
The focal mechanisms of these events show normal faults with
minor strike slip components in Fig. 13, their parameters are
listed in Table 5 and their nodal planes are trending NW-SE
and NNE-SSW, parallel to both northern Red Sea and Suez
Gulf trends. Fig. 14 shows diagrams of focal mechanism solu-
tions of each event located at Sinai Peninsula.

6. Stress tensor inversion

In the stress inversion analysis, it is assumed that during the
faulting process of the upper crust, a set of invariant geomet-
rical properties emerges whose most obvious expression is
the Gutenberg and Richter law (De Vicente et al., 2006). From
this point of view, it is possible to carry out the inversion with-
out taking into account, or to scale, the focal mechanisms
according to its magnitude. In the same way, there is not a
minimum representative magnitude of the state of the tectonic
stresses, so the only applied criterion is that of solution quality.

The analysis of earthquakes focal mechanism using
inversion methods allows determining the state of active stress;
therefore, in this study we used Gephart and Forsyth (GF)
method (1984) which allows us to determine the best-fit regio-
nal principal stress directions ol, ¢2, and ¢3 and the ratio
R = 02 — ol/63 — ol with F (the average degree of misfit),
as well as to estimate the associated uncertainty in the solution.
The value of the ratio R is a measure of the magnitude of the
intermediate principal stress o2 relative to the maximum ol
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Table 5 The source parameters of events located at Sinai Peninsula.

No. Date Time Location Nodal plane H (km) RMS ERH ERZ ML
Y M D H M S Lat. Long. St. Dip Rake
1 2008 06 26 23 25 25 28.16 33.84 192 46 —57 4.57 0.25 0.88 1.32 3.2
2 2008 12 28 09 36 34 28.28 34.08 190 79 —46 18.07 0.16 0.71 0.77 3.0
N m v
* DOWN
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Focal mechanism of event no.1 Focal mechanism of event no. 2

Figure 14 Diagrams of focal mechanism solutions of each event located at Sinai Peninsula.

Table 6 Parameters of the focal mechanisms used to evaluate stress tensor in northern Red Sea.

No. Date Time Fault planes Stress axes Refs.
NP1 NP2 P-axis T-axis
Yr. Mo. Day Ho. Mn. Sec. St.1 Dipl St.2 Dip2 Az. Pl Az. PL

1 1969 3 31 7 15 54 294 37 113 53 19° 82° 203° 08° Hu

2 1972 6 28 9 49 35 288 40 121 51 75° 82° 205° 05° Hu

3 1994 9 26 17 27 6 321 89 53 40 264° 34° 19° 32°

4 1994 11 4 6 0 48 323 88 58 30 261° 40° 28° 36°

5 1995 4 20 10 41 53 126 78 229 43 74° 42° 186° 22°

6 1996 5 29 21 42 49 241 58 138 71 95° 37° 192° 09°

7 1996 8 18 9 29 1 141 73 247 48 94° 43° 199° 16°

8 1996 12 17 7 21 20 242 73 144 65 105° 31° 12° 05°

9 1997 6 9 15 21 2 265 75 149 32 142° 52° 16° 25°
10 2003 03 30 04 43 02 184 81 296 23 117° 50° 256° 32° MO07
11 2003 07 12 09 22 09 298 65 39 27 229° 68° 20° 20° MO7
12 2003 12 10 21 22 12 146 30 338 61 63° 15° 262° 74° MO07
13 2004 4 27 11 20 40 121 52 269 42 89° 73° 197° 05° TS
14 2005 5 4 19 47 15 352 83 92 39 297° 40° 53¢ 27° TS
15 2005 10 28 17 0 9 284 41 164 67 117° 55° 229° 15° TS
16 2005 11 11 15 33 8 196 25 316 77 200° 53¢ 63° 29° TS
17 2006 4 6 10 58 12 144 50 292 45 120° 73° 218° 02° TS
18 2008 3 20 9 6 33 151 63 29 44 12° 56° 266° 11° TS
19 2008 5 4 1 8 15 354 77 86 80 310° 16° 220° 02° TS
20 2008 5 24 0 37 53 316 84 50 60 269° 26° 07° 17° TS

Hu: Huang and Solomon (1987), M07: Mahmoud (2007), TS: This Study.

Table 7 Stress tensor parameters of the northern Red Sea.

al a2 a3 R ¢
Az. Pl Az. PL Az. PL
250° 71° 144° 05° 52° 18° 0.4 5.1

al, 62, and o3 are the directions of the principles stress, Az: Azimuth, Pl: plunge, R: stress ratio, and F: the average of misfit angle.
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Figure 15  Results of stress tensor inversion of Northern Red Sea
Zone showing the distribution of P and T-axes.

and minimum ¢3 stresses and hence constrains the shape of the
stress ellipsoid.

The GF method proposed a grid search method of inverting
focal mechanisms to obtain the stress tensor (focal mechanisms
stress inversion, hence forward FMSI), in which stress field
parameters are tried systematically against the focal mecha-
nism orientations and the calculated misfit depending on the
orientations of fault planes and slip directions indicated earth-
quake focal mechanisms.

A grid search over the focal sphere is performed at first with
a 90° variance with 10° spacing (approximate method) then
with a 30° variance and 5° spacing. Each inversion takes a sig-
nificant amount of time to run, which depends mainly on the
number of earthquakes to be inverted. The misfit of an individ-
ual fault-plane solution is the smallest rotation angle, about
any axis, which brings the orientation of one of the observed
fault planes, its slip vector and sense of slip in coincidence with
the computed ones. The misfits of the slip vector in both nodal
planes for all of the individual focal mechanisms are computed
and from these, the average misfit is determined. We applied
Gephart and Forsyth (GF) method on a set of synthetic focal
mechanism, data sets P and 7T axes processed by FMSI, which
inverts the focal mechanisms to obtain the stress tensor. The
final stress model gives good indications about the preferred
rupture direction that represents the most effective factors in
performing the hazard assessment. In the following part we
explain the calculated stress tensor for each seismic zone.

6.1. The northern Red Sea area

This seismic zone represented a broad area of active tectonics
as evidenced by the high level of seismicity. Table 6 shows the
parameters of the focal mechanisms used to evaluate stress ten-
sor and the Stress inversion for focal mechanisms selected
shows a relatively homogeneous stress pattern dominated by
ENE-WSW (N52°E), extensional regime (¢3 is more horizon-
tal while o1 axis has steepest plunge) as shown in Table 7.
Fig. 15 shows the distribution of P- and T-axes along northern

Table 8 Parameters of the focal mechanisms used to evaluate stress tensor in the Gulf of Suez.

No. Date Time Fault planes Stress axes Refs.
NP1 NP2 P-axis T-axis
Yr. Mo. Day Ho. Mn. Sec. St.1 Dipl St.2 Dip2 Az. PL. Az. Pl

1 1983 06 12 12 00 06 129 86 241 11 50° 48° 210° 40° Ma

2 1992 10 27 09 04 46 171 51 312 46 146° 69° 242° 03° A97

3 1992 10 27 11 02 44 158 66 271 49 116° 49° 218° 10° CMT

4 1995 01 05 15 02 55 127 55 290 36 71° 77° 210° 09° R

S 1995 02 09 15 52 46 161 54 309 41 124° 72° 237° 07° R

6 1995 05 22 06 37 38 145 73 322 17 57° 62° 234° 28° R

7 1995 08 04 21 50 34 143 66 313 24 61° 69° 230° 21° R

8 1996 09 15 05 18 11 118 67 354 37 347° 57° 230° 17° Ma

9 2000 05 09 18 43 32 144 77 243 57 98° 33¢ 197° 13° ENSN
10 2000 11 03 21 19 03 117 41 297 49 207° 86° 27° 04° ENSN
11 2003 01 06 12 35 26 15 52 113 80 342° 34° 239° 19° ENSN
12 2003 01 15 11 31 28 307 51 151 42 159° 77° 48° 05° ENSN
13 2003 03 03 08 56 48 194 30 60 02 257° 74° 96° 15° MO07
14 2003 03 23 13 21 49 321 36 76 73 309° 51° 190° 21° MO07
15 2003 04 01 15 34 42 385 67 159 31 329° 62° 99° 19° Mo07
16 2003 04 23 10 37 13 316 62 74 48 277° 53° 18° 08° MO07
17 2003 09 09 08 39 00 337 75 75 64 293¢ 30° 28° 07° MO07
18 2003 12 30 14 56 11 153 57 294 40 113° 68° 226° 09° MO07
19 2004 07 06 12 13 12 325 44 135 47 334° 84° 230° 01° TS
20 2004 08 16 22 42 50 279 72 168 42 148° 48° 36° 18° TS
21 2004 11 28 21 50 04 310 65 130 25 220° 70° 40° 20° TS
22 2005 12 08 01 28 11 281 43 151 59 112° 62° 219° 09° TS
23 2006 09 28 06 32 12 308 53 87 45 278° 68° 19° 04° TS
24 2008 01 25 03 19 42 304 30 171 69 113° 60° 245° 21° TS
25 2008 03 14 03 52 37 143 46 294 48 133° 75° 38° 01° TS

Ma: Maamoun et al. (1984), A97: Abdel Fattah et al. (1997), CMT: Centroid moment tensor solution published by ISC, R: Reda Abdel Fattah
(2005), ENSN: Seismological bulletin published by Egyptian National Seismic Network.
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S2: 313 6
S3: 221 18
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B T axis

Figure 16  Results of stress tensor inversion of the Gulf of Suez
showing the distribution of P- and T-axes.

Table 9 Stress tensor of the Gulf of Suez.

al a2 a3 R ¢
Az. Pl Az. PL Az. PL

61° 71° 313° 06° 221° 18° 0.3 6.3

The referred symbols are the same as in pervious Tables.

Red Sea zone. The tension direction is nearly perpendicular to
the Red Sea trend. These results are in good, consistent with
Abou Elenean (1997) and Megahed (2004) which indicates that
the tensional stress direction is N56°E(see Table 7).

Table 11 Stress tensor parameters of the Gulf of Aqgaba.

al a2 a3 R 1)
Az. Pl. Az. Pl Az. Pl

329° 40° 133¢ 49° 232° 08° 0.3 -50

The referred symbols are the same as in pervious tables.

6.2. The Gulf of Suez

The focal mechanism solutions for earthquakes were used to
calculate the stress tensor inversion in the Gulf of Suez
(Table 8). The whole dataset shows that P axes cluster in the
direction of WNW-ESE orientation and 7 axes are almost hor-
izontal and trends in ~NE-SW (N41°E), as it is shown in
Fig. 16. The inverse solution reflected a prevailed tension stress
o3 that is trending NE-SW, while o1 is trending WNW-ESE. It
shows a relatively homogeneous stress pattern which is nearly
perpendicular to the rift trend. These results are in good con-
sistent with Bosworth and Taviani (1996a,b) who came to a
similar conclusion by analyzing borehole breakouts and meso-
scopic faults arrays (N40°-45°E). This stress field leads to nor-
mal faulting NW-SE parallel to rift trend. The value of the best
fitting stress models, the directions of o1, 62, ¢3, the stress
ratio R value, and the value of the degree of misfit F are listed
in Table 9.

6.3. The Gulf of Aqaba

The focal mechanism parameters of events used to evaluate the
stress tensor presented in (Table 10).

The stress tensor inversion using GF method for the earth-
quakes fault plane solutions reflects the prevailed tension stress
o3 trends N52°E back azimuth along the Gulf of Agaba

Table 10 The focal mechanism parameters of events used to evaluate the stress tensor inversion in the Gulf of Aqaba.

No. Date Time Fault planes Stress axes Refs.
NP1 NP2 P-axis T-axis
Yr. Mo. Day Ho. Mn. Sec. St.1 Dipl St.2 Dip2 Az. Pl Az. PL
1 1993 07 30 23 34 10 343 63 83 72 306° 33° 212° 06° K98
2 1993 08 03 12 43 05 139 36 357 60 309° 67° 72° 13° HRV
3 1993 08 03 16 33 21 328 67 67 70 288° 31° 197° 02° K98
4 1993 08 07 04 55 40 348 60 86 76 311° 32° 214° 11° K98
5 1993 08 20 23 09 59 350 63 89 73 312° 31° 218° 06° K98
6 1993 10 18 20 51 14 74 80 339 61 300° 28° 203° 13° K98
7 1993 11 03 18 39 32 324 69 75 47 280° 47° 25¢ 13° K98
8 1993 11 08 01 06 02 350 60 93 69 314° 38° 220° 05° K98
9 1993 12 04 23 34 11 331 54 95 52 302° 58° 34° 01° K98
10 1995 11 22 04 15 11 196 59 294 77 159° 31° 62° 12° PDE
11 1995 11 22 22 16 53 202 67 294 87 160° 18° 66° 14° PDE
12 1995 11 23 18 07 17 199 77 108 83 154° 04° 63° 15° PDE
13 1996 01 03 10 05 26 116 80 215 51 171° 19° 68° 35¢ K98
14 2002 09 22 12 00 23 191 44 320 59 178° 61° 72° 08° ENS
15 2005 01 20 13 41 50 41 43 178 56 120° 63° 50° 10° TS
16 2008 02 03 17 06 46 58 75 156 62 171° 65° 60° 10° TS
17 2008 04 04 14 05 20 146 46 287 51 132° 69° 36° 03° TS
18 2008 04 04 14 14 48 145 46 294 49 135° 74° 39° 02° TS

K98: Abou Elenean (2007), PDE: Solution by NEIS, HRV: Harvard CMT solutions.



Earthquake focal mechanism and stress field pattern 219
ol
<D
o2
ol
/7 @ o3
< >02
o3 ol
N @,
North of the Dead Sea Dead Sea area South of the Dead Sea
Figure 17  Representative stress tensor for Dead Sea region (Hofstetter et al., 2007).
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Figure 18 Results of stress tensor inversion of the Gulf of
Agqaba.

(Table 11) due to the fact that gl is vertical in the regional
inversions. So, this stress field leads to left lateral strike slip
movement with normal component. This extension trend is
in a good agreement with a closer extension trend (N53°E)
in the same area that was deduced from inversion of 14 earth-
quake mechanisms (Abou Elenean, 1997). Also, it shows good
agreement with the paleo-stress measurements along the Gulf
of Aqaba that supports the idea of the recent reactivation of
Oligocene—Miocene stress cycle, and a rotation of the regional
stress pattern in the vicinity of the transform fault (see Table 10
and Table 11).

The results of the stress direction along the Dead Sea fault
have two directions dominated the fault plane population
(Hofstetter et al., 2007) Fig. 17. The first cluster has an azimuth
close to N15°, which corresponds to the overall direction of the
Dead Sea fault (DSF). The second cluster is closer to N120°,
corresponding to the direction of the Carmel-Gilboa fault sys-
tem and they noted that seismicity in the Dead Sea basin is
strongly dominated by strike—slip mechanisms, from which a
large part has a fault plane oriented perpendicular to the long-
est axis of the basin, rather than by normal faulting. It is fully
consistent with the pull-apart hypothesis of the Dead Sea basin
controlled by strike—slip motion along the DSF comparative
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Figure 19 Tectonic boundaries of the Eastern Mediterranean
Region, and Stress directions in Egypt. Seismicity data
(2<mb < 6.8) were compiled after ENSN and NEIC from
1997 to 2007. (Compiled by Abou Elenean and Hussein (2008)).
Acronyms represent: AEG — Aegean Sea; CY — Cyprus; ERA —
Eratosthenes Seamount; FL — Florence; IB — Ionian Basin; MR —
Mediterranean Ridge; LEV — Levantine Basin; LF — Levant Fault;
ROS — Rosetta; QAT — Qattara; TEM — Temsah; MS — Misfak;
BAR - Bardawil.

with our results is that the Gulf of Aqaba has different stress
direction rather than the results of (Hofstetter et al., 2007) that
is the prevailed stress direction is N52°E as shown in Fig. 18.

7. Correlation of results with previous studies

From the present study and the previous we note that the
stress pattern changes by time. Specially Gulf of Suez indicates
that the prevailed stress (Azimuth) is decreased from 46° to 41°
corresponding to the Arabian Plate motion in NE as shown in
Figs. 19 and 20 respectively. A left lateral fault boundary with
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Figure 20  Recent stress tensor for the study area modified after
(Abou Elenean and Hussein, 2008).

the African Plate called the Dead Sea Transform (DST), and a
divergent boundary with the African Plate called the Red Sea
Rift run the length of the Red Sea. Regarding the study
presented by Hussein et al. (2013) we note that the stress direc-
tion pattern is decreased from 44° to 41° and from 56° to 52° at
Gulf of Suez and Gulf of Aqaba respectively corresponding to
the Arabian Plate motion in the Northern East direction.

Correlation between our results about stress field pattern
and published studies for this area.

Zone al a2 a3 R ¢
Az. PL. Az. Pl. Az. PL
Abou Elenean (1997)

N-Red Sea 203° 59° 318° 15° 56° 27° 0.3 5.6
Gulf of Suez 105° 39° 341° 34° 226° 32° 0.5 3.5
Gulf of Agaba 333° 27° 114° 56° 233° 18° 0.3 2.7
Mahmoud (2007)

N-Red Sea 155° 59° 314° 29° 49° (09° 0.5 4.7
S-Gulf of Suez 216° 76° 313° 02° 43° 14° 04 58
Gulf of Aqaba 265° 70° 140° 12° 47° 16° 0.5 1.27
Hussein et al. (2013)

N-Gulf of Suez 8 77 308 09 216 08 0.55 0.51

S-Gulf of Suez (A) 275 85 135 04 44 03 0.62 7.58
S-Gulf of Suez (B) 250 67 40 20 134 11 047 11.74
Gulf of Agaba (A) 325 19 147 71 56 0l 0.69 6.67
Gulf of Agaba (B) 184 09 07 81 274 01 044 9.01

This Study

N-Red Sea 250° 71° 144° 05° 52° 18° 04 5.1
Gulf of Suez 61° 71° 313° 06° 221° 18° 0.3 6.3
Gulf of Agaba 329° 40° 133° 49° 232° 08° 0.3 5.0

8. Conclusions

There are three seismic zones affected the northeastern part of
Egypt; the Northern Red Sea, Gulf of Suez and Gulf of
Agqaba. The focal mechanism solutions were carried out for
24 events recorded by the Egyptian National Seismic
Network (ENSN) during the period from 2004 to 2008. These
solutions were obtained with high reliability based on polarity
of P-wave first motion by the applied (Suetsugu, 1995) method.
The focal mechanisms deduced in this study indicated a dom-
inant tension stress along the NE African corner. The tension
axis trends ENE-WSW along the Gulf of Suez, Gulf of Agaba
and northern Red Sea, take NNE-SSW trends toward the
land. The results demonstrate mainly a normal faulting, pure
extension, with strike slip extension. Focal mechanism
solutions of some events illustrate the existence of strike-slip
mechanism. These results indicate that Egypt is dominated
by three groups of neotectonic regimes. They are the
extensional tectonic regime, normal to strike slip regime and
strike-slip tectonic regime.

This study asserts a dominant extension without any indica-
tion of compressive stress on land or along the Northern Red
Sea—Gulf of Suez rifts which is consistent with that of Lyberis
(1988) and Bosworth and Taviani (1996a,b). The Results of the
stress tensor using focal mechanisms of recent earthquakes
indicate a prevailed tension, stress field in northern Red Sea
is N52°E, the Gulf of Suez is 41°, and the Gulf of Aqaba is
52° these results are consistent within situ for each zone and
field studies related to Lyberis (1988) and Bayer et al. (1988).
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