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Abstract We calculated the strain tensor for a sequence of earthquakes that occurred in front of
Ras Mohamed, Northern Red Sea within the period from 19th November up to 31st of December
2011. The value and the direction of the strain are evaluated based on a reliable number of focal
mechanism solutions. Most of the solutions indicate the dominance of normal faulting. The prin-

cipal strain axis shows that the deformation is taken up mainly as an extension in the NE-SW direc-
tion with a very small crustal thinning rate. The orientation of the principal strain axes deduced
from the eigenvectors is in good agreement with the main trend of the focal mechanisms of the
selected events (normal type faulting).

© 2014 Production and hosting by Elsevier B.V. on behalf of National Research Institute of Astronomy

and Geophysics.

1. Introduction

Many earthquakes have occurred in front of Ras Mohamed
area during the time period from 19th November to 31st of
December 2011 Fig. 1. Some of these earthquakes were felt in
Ras Mohamed. This area is located very close to the southern
part of the Gulf of Suez. The Southern Gulf of Suez province
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is characterized by continuous instrumental seismic activity which
represents an evidence of active deformation (e.g., Kulhanek et al.,
1992; Maamoun et al., 1984). The largest known provinces oc-
curred on March 31, 1969 (M, = 6.3) and June 28, 1972
(M} = 5.6), respectively. The two events show pure normal dip
slip movement with a horizontal extension of about 40° (Jackson
and McKenzie, 1988). The relatively high seismicity rate in this
zone is attributed to the existing relative motion between the Nu-
bian and Arabia plates. The deformation pattern of the area is re-
vealed from the strain tensor analysis, which can be used to
describe and quantify the deformation process resulting from the
earthquakes. The importance of the strain tensor is that they com-
pletely describe, in a first order approximation the equivalent
forces of general seismic point sources. The equivalent forces can
be determined from an analysis of the eigenvalues and eigenvectors
of the moment tensor. The sum of these eigenvalues describes the
volume change in the source (isotropic component of the moment
tensor) (Jost and Hermann, 1989). We examine the orientation and
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Figure 1  Epicentral distribution of the selected events in the
front of Ras Mohamed area as recorded by ENSN stations within
the period from 19th November up to 31st December 2011.

shape of the strain tensor within the source region, based on the fo-
cal mechanism of small earthquakes during the seismic sequence
which occurred in 2012.

The obtained results are correlated with the regional stress
pattern.

2. Tectonic setting

The area to the south of Ras Mohamed in the Northern Red
Sea represents the rift-rift-transform triple junction among
the Gulf of Suez rift, the Aqaba—Levant transform fault and
the Red Sea rift (Salamon et al., 2003). This Junction is char-
acterized by complex interaction between the extension move-
ment in the Gulf of Suez, left lateral motion along the Aqaba
Transform Fault and the opening of the Red sea. The Red Sea
shows active spreading (McClusky et al., 2003) while the Gulf
of Suez is characterized by extension of about 1 mm/year in the
south (Stickler et al., 1998).

The northern province of the Red Sea extends from latitude
25°N to the southern tip of the Sinai Peninsula at 27°45'N and
to the straits of Gubal and Tiran which bound the Gulf of Suez
and Gulf of Aqaba, respectively. The average width of the sea
at this province is approximately 200 km, and its morphology
is characterized by a wide main trough (Coleman, 1974), the
absence of an axial trough, and the occurrence of small ellipti-
cal basins in the main trough in some places. Ras Mohamed is
located on the southern tip of the Sinai Peninsula (Fig. 1). The
tectonic settings of the third province (Fig. 2) show a predom-
inant structural trend of NNW-SSE and the presence of minor
structural trend on nearly E-W direction as we proceed toward
north (at the southern tip of Sinai Peninsula).

3. Data

Data used in this study consist of eighteen events that occurred
during the period from 19th November to 31st of December

2011 in front of Ras Mohamed area. These earthquakes are se-
lected on the basis of their precise location (Table 1). Our data
include two events with magnitudes (M1 > 4), while the other
sixteen events covere a magnitude range between My 1.5 and
3.2. All events are recorded by the stations of the Egyptian
National Seismological Network (ENSN) which covers the
majority of the Egyptian territories. The location of the
selected earthquakes and their corresponding fault-plane
solutions are shown in Figs. 1 and 3 respectively. The majority
of solutions (14 events) have normal type faulting mechanism
(Fig. 3), only two events (No. 13 and 17) show reverse faulting
mechanism which might be attributed to doubted polarities
and/or the limited number of the recording stations.

Some solutions have a limited number of polarity data
which might be also a reason of having such misleading mech-
anism. The remaining two events show strike slip with minor
normal component. The location of these events showed that
they occurred between latitudes of 27.5°N and 27.7°N, and
longitudes of 33.8°N to 34.4°E. Therefore, the length of the de-
formed zone is taken to be 30 km, while the width is deduced
as 50 km. Their focal depths are shallower ones ( <22 km). The
seismogenic zone is taken to be about 18 km.

4. Method of analysis and results

In this study, we applied the method of Kostrov (1974) and
Jackson and Mckenzie (1988) formulations. The initial step
is to calculate the moment. The moment is calculated using
the following scaling relation of Hussein et al (2008):

LogMo = 1.35(.11) My + 16.3(£.53)... (1) 3.5 < My < 6.7
(1)
LogMo = 1.0(+.05)M; + 17.8(£.13) ... 1.7< M. <34 (2)

Then, the 9 moment tensor elements are calculated for the nth
focal mechanisms by the formula of Aki and Richards, 1980
using the following formulae;
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Figure 2 Structural pattern of the Northern Red Sea province
(Mart et al, 2005).
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Table 1 Parameters of selected Earthquakes.

No. dd/mm/yy hh:mm Long Lat ML Depth (Km.)
1 19/11/2011 7:12 34.0602 27.6955 4.6 15
2 20/11/2011 5:16 34.2423 27.6615 4.2 16
3 20/11/2011 17:40 34.228 27.6162 32 21
4 20/11/2011 17:44 34.2138 27.6044 2.8 17
5 23/11/2011 3:55 34.0649 27.701 2.6 22
6 25/11/2011 23:41 33.8331 27.6591 2.3 21
7 26/11/2011 4:43 34.0047 27.5084 2.7 11
8 27/11/2011 5:06 34.0455 27.7015 3.1 9
9 27/11/2011 5:54 34.0272 27.6953 2.5 6
10 6/12/2011 0:22 34.3041 27.625 1.8 7
11 7/12/2011 22:50 33.9745 27.6924 2.4 4
12 8/12/2011 13:14 34.4292 27.6292 2 13
13 9/12/2011 0:36 34.0501 27.6892 1.5 12
14 9/12/2011 21:13 34.0715 27.6889 1.5 16
15 29/12/2011 3:18 34.0464 27.7117 1.8 21
16 29/12/2011 6:45 34.1869 27.6834 2.1 14
17 29/12/2011 14:41 34.0777 27.6823 1.5 16
18 31/12/2011 1:54 34.3333 27.6486 2.1 23
30° 2 where ¢, 6 and 4 are the strike, dip and rake angles of the fault
plane in degrees, respectively while Mo is the seismic moment
of the individual events.
29° The parameters of the selected earthquakes and the
analyzed tensor parameters; which are calculated using C**
program developed by the second author, are listed in Tables
P | and 2. The 6 independent moment-tensor elements, we use
the subscripts 1, 2 and 3 corresponding to the coordinate
system North, East and vertically downward, respectively.
o The resulting moment-tenor matrix is:
\L"l 20.63  9.002 —13.14
- ”}{ 9.002 219 2648
_:,rgz_: M; = *10*' dyne.cm
0 —13.14 -26.48 -22.8

32 33" 34° 35°
Figure 3  Fault-plane solutions of the events listed in Table 1.
The beach-ball labeled with “A” denotes the calculated strain

tensor mechanism; diameters of the beach balls are corresponding
to their magnitudes (ENSN, 2011 report).

M, = —(sin & cos 4 sin 2¢ + sin 24 sin 4 sin” @) M, (3)

M, = (sin 8. cos A cos 2¢ + (1/2)
sin 20 sin 4 sin 2¢) My = My, 4)

M3 = —(cos & cos 4 cos ¢ + cos 20 sin 4 sin @) My, = M3, (5)
M, = (sin § cos 4 sin 2¢ — sin 24 sin icos® @) M, (6)

M,; = —(cos & cos 4 sin ¢ — cos 28 sin 4 cos @) M,
= My, ™)

M33 = (Sil’l 20 sin },) M() (8)

The average seismic strain tensor can be obtained using
Kostrov’s formula (1974), as follows:

. ! =
€j = m (Zm) ©)

n=

where X M;; is the sum of the symmetric moment tensors of N
earthquakes in the seismogenic volume “FV”’, “T” is the time
period of earthquake record and “u’ is the shear modulus.
The average strain tensor yields:

75 33 —4.8
e =133 0.795 —9.6|%10° Yr

—-48 —-9.6 -83

Also, the deformation rates along the different stress axes are
calculated using the following relations developed by Jackson
and Mckenzie (1988):

k= (/2T y (10)

n=1
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Table 2 Stress-tensor elements of the earthquakes listed in Table 1.
Event no. Dip Strike Slip Mox10*' dyne/cm M, My, M3 M, M3, M,
1 69.7 139.2 —61.7 31.4 21.494 -3.5 —17.99 10.94 —9.81 —19.27
2 71 166 —118 9.05 —1.598 6.52 —4.92 —2.39 —2.87 —5.78
3 72.5 23.6 70.7 1 —0.32 —0.22 0.54 0.41 0.22 —0.75
4 87.6 170.8 —64.6 0.44 0.06 —0.03 —0.03 0.18 —0.06 —0.39
5 77.8 54 —143 0.23 0.21 —0.15 —0.06 0.03 —0.08 0.11
6 43.2 347.5 —103.4 0.01 —0.0002 0.009 —0.009 0.0006 —0.0006 —0.0009
7 33.4 56.4 133.8 0.03 —0.003 —0.02 0.02 0.01 0.002 0.02
8 55 217 179.1 0.87 0.68 —0.69 0.013 —0.19 —-0.4 —0.297
9 45 167 —121 0.21 —0.02 0.2 —0.18 —0.03 —0.075 0.02
10 46.4 344.7 —106.3 0.04 —0.001 0.04 —0.038 0.003 0.008 —0.0002
11 74 129 —64 0.16 0.11 —0.04 —0.08 0.02 —0.08 —0.09
12 64.8 198.6 169 0.06 0.03 —0.04 0.009 —0.04 —0.03 —0.001
13 38 326.9 70.4 0.02 —0.002 —0.02 0.02 —0.007 —0.002 0.007
14 12.5 19.9 -57 0.02 —0.0007 0.008 —0.007 —0.0005 —0.005 —0.02
15 46.1 16 —69.9 0.04 —0.002 0.04 —0.04 —0.002 —0.0096 —0.001
16 66 172 —64 0.07 0.009 0.04 —0.05 0.03 0.007 —0.04
17 42.9 18 130 0.018 0.003 —0.02 0.01 —0.002 0.008 0.004
18 63.3 307.4 —132.6 0.079 —0.02 0.06 —0.05 0.04 0.04 0.002
3 =43.75 20.63 219  —2284 9.002  —13.14 —26.48
) N ) The eigenvectors (0.637, —0.670 and 0.314) corresponding to
U, = (1/ 2“O‘IT)ZM’22 (11) the smallest eigenvalue (5.547) are taken as the null-axes. The
"= three eigenvectors (0.109, 0.509 and 0.854) corresponding to the
N eigenvalue —40.273 are taken as the compression axis (P-axis),
= (1/ 2,u/ocT)ZM’3’3 (12) which is in the direction of the maximum compressive motion.

n=1

Egs. (10)—(12) define the deformation rates along the x, y and Z
directions, respectively. Where g = 3*10'" dyne/cm?, / = length
of the deformation zone in kilometers, 7' = time of observations
in years, and ¢ is the thickness of the seismogenic layer.

The components of the strain rate tensor are el1 in the N-S
direction, €22 in the E-W direction and e33 along the depth
axis. The obtained results indicate that we have N-S exten-
sional forces across the region (e;; = 7.5%107%). This corre-
sponds to about 0.14 mm/Yr. The negative sign of e (8-
10*8.3—) 33 implies that we have thinning of the seismogenic
layer. The deformed area shows an average moment release
of about 31.25%10%' dyne/cm/month.

It is to be mentioned, here, that the deforming rates given in
millimeters are the first approximations and, of course, need
more verification due to the limited time period of the selected
events.

Eigen analysis of the strain-tensor matrix gives rise to three
eigenvalues; each having its corresponding vector. The main
stress axes of P and T and null axes are interpreted from those
values. The following are the results obtained from the eigen
analysis;

T-axis Null P-axis
A= 34774 5.547 —40.273
N 0.732 0.673 0.109
E 0.540 —0.670 0.509
D —0.416 0.314 0.854

The eigenvectors (0.732, 0.540 and 0.416) corresponding to
the eigenvalue 34.74 are taken as the tensional (7-axis) which is
in the direction of the maximum tensional motion.

The following results are deduced from the eigenvalues and
eigenvectors;

Trend Plunge
T-axis 36.5° —24.57°
P-axis 77.41° 58.56°

It is to be mentioned here that there is no negative plunge
but it really means that the tensional axis is measured from
the opposite direction.

As deduced from the eigen analysis, the strain tensor fault-
plane solution is drawn as shown in Fig. 3 and labeled as “A”.
It shows a remarkable matching in mechanism with the main
event (event No.l); both have normal faulting type with a
right-lateral movement.

4. Conclusions

1) Deformation of the area to the south Ras Mohamed, as
a part of the Northern province of the Red Sea, is
expressed as a crustal extension in the N36E direction
which is nearly compatible with the horizontal extension
direction in the southern part of the Gulf of Suez. This
reflects the direct effect of extensional stress field along
the Northern Red Sea spreading centers.

2) The negative component €33 of the strain tensor matrix
indicates that the extensional tectonics cause vertical thin-
ning of the seismogenic layer at a rate of 0.15 mm/Yr.

3) The strain tensor obtained from the summation of the
smaller earthquakes gives remarkable matching with
the faulting mechanism of the largest one and the
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mechanisms of March 31, 1969 (M}, = 6.3) and June 28,
1972 (M, = 5.6) Southern Gulf of Suez province (nor-
mal). This is, in turn, confirms the previous results that
this area follows the same mode of deformation in the
northern Red Sea zone.
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