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ABSTRACT: Five years of Global Positing System (GPS) measurements,
during 1996-2000, were used to derive velocity vectors and principal components
of strains in and around Cairo city, Egypt. Estimated horizontal velocity vectors in
ITRF96 are in the range of 20-27 mm/yr with an average of 24.16 mm/yr in
N4°#5°W. We employed the Least-Squares prediction (LSP) technique to
segregate the signal and noise in the data. Estimated signals were used to
reconstruct the strains; dilatations, maximum shear strains, and principal axes of
strains. Obtained strains are portrayed active tectonic environments in and around
the Cairo city; (1) dilatational strains show that the northern part of the region is
under a compressive strain regime, (2) maximum shear strains show good
agreement with the recent crustal activities, and (3) principal axes of the strains
indicate that the compressional force acting at the convergent plate boundary
between the Eurasian and the African plates affect the southern part of the Nile
Delta. Moreover, the principal axes of strains show a good correlation with the
SHmax directions obtained from earthquake focal mechanisms and borehole
breakouts.

INTRODUCTION

Egypt covers an area of about 1000,000 km?” and located at the
northeastern part of Africa. It is bounded to the north by the
Mediterranean Sea and to the east by the Red Sea and Gulf of Agaba
(Figure 1). The African continent is considered to be a stable region
except the East African Rift, which branches in the northern Ethiopia
into the Red Sea Rift and the Gulf of Aden Rift (e.g., Garfunkel,
1981). In eastern Egypt, the Red Sea Rift branches into the Gulf of
Suez and the Gulf of Agaba. At the Mediterranean region the African
plate collides with the Eurasian plate. Therefore, faults and lineaments
in Egypt tend to appear along three main trends, the Red Sea trend
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(NW-SE), the Gulf of Agaba trend (NE-SW) and the Mediterranean
trend (E-W).
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Fig. 1. Velocity field estimated by repeated GPS observations and its 95% confidence
ellipses in ITRF96 reference frame for the period from 1996 to 2000 in and
around Cairo city. The inset shows the location of Egypt and the studied region.

The tectonic framework of the Egypt, including the studied
region is shown in Figure (2). Egypt has a wide variety of tectonic
processes. The Red Sea is a divergent-type boundary between the
Arabian and African plates (e.g., McKenzie, 1970). Dead Sea fault is a
transform fault between the Arabian plate and the African plate (e.g.,
Garfunkel, 1981). The present-day geodynamic deformation in the
Northern part of Africa (including Egypt) results from the relative
motion among three continental plates, namely: Eurasia, Africa and
Arabia (e.g., McKenzie, 1970). Plate motion models (DeMets et al.,
1990; DeMets et al., 1994; Jestin et al., 1994) based on the analysis of
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earthquake slip vectors, seafloor spreading, and fault systems indicate
that the Arabian plate is moving in a NNW direction relative to the
Eurasian plate at a rate of about 20-25mm/yr. These models also
indicate that the African plate is moving in a northward direction
relative to the Eurasian plate at a rate of about 10 mm/yr. Differential
motion between Africa and Arabia (~10-15 mm/yr) is thought to be
taken up predominantly by left-lateral motion along the Dead Sea
transform fault (McClusky et al., 2000; El-Fiky, 2000). On the other
hand, the Gulf of Suez is thought to be a plate boundary between the
Sinai Peninsula and the African continent (e.g., Ben-Menahem et al.
1976; Joffe and Garfunkel, 1987). Tectonic extension of the northern
part of the Gulf of Suez is not yet well defined. According to Ben-
Menahem et al., (1976), the northwest expansion of Sinai might be
extended to the southern Nile Delta.
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Fig. 2. A simplified tectonic map of the Egypt (modified from Bosworth et al.,
1999).

Seismically, Egypt may be considered as a territory of
moderate earthquake activity (e.g., Ambraseys et al., 1994). Many
authors (e.g., Gergawi and El Khashab, 1968; Maamoun and Ibrahim,
1978; Kebeasy, 1990) have tried to relate the above geologic and
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tectonic features of Egypt to the distribution of earthquakes in order to
determine the main seismic zones in Egypt. The general distribution of
earthquakes in Egypt (Figure 3) falls along three major trends
(Kebeasy, 1990). The first major trend extends from the northern Red
Sea area and along the Gulf of Suez, through the cities of Cairo and
Alexandria. The activity along this trend has increased in recent years
and is attributed to Red Sea rifting as well as several active faults (e.g.,
Ambraseys et al., 1994). The second trend extends from the eastern
Mediterranean to East of the Nile Delta to Cairo and Fayum region.
The first trend intersects the second one in the Cairo city (Kebeasy,
1990). Within this intersection the moderate earthquake of October 12,
1992 (Mb=5.9) occurred. Along the third trend (Levant-Agaba trend),
the seismic activity is large. This is may be related to the active
sinistral movement along the Levant Fault system and the Gulf of
Agaba (Chaimov, et al., 1990; Reilinger et al., 1997; Barka and
Reilinger, 1997). In addition to those trends, there are several active
areas such as southwest of Aswan, Abu Dabbab, and Wadi Hagul west
of the Gulf of Suez.

The Cairo region has been the focus of intense geological and
geophysical investigations since the occurrence of the 121" October
1992 earthquake (Mp=5.9). This moderate earthquake occurred at
Dahshour city, about 25 km southwest the Cairo city. This earthquake
caused a widespread damage in Cairo city and its surrounding areas.
Therefore, the National Research Institute of Astronomy and
Geophysics (NRIAG), Egypt, started a series of geophysical studies in
the epicentral area, in and around the Cairo city, to help understanding
the physical process of the crust in this tectonically active area (e.g.,
Abdel-Hafiez, 1995). In addition, near to the epicenter of the 1992
earthquake, two moderate but destructive earthquakes occurred in
1303 and 1847 (Badawy and Monus, 1995; El-Sayed et. al., 1998).

In this study, we used GPS measurements for the period from
1996 to 2000 in and around the Cairo region, and applied the Least-
Squares Prediction (LSP) technique for strain fields analysis to
investigate the crustal deformations and discuss its characteristics in
this tectonically active region.
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Fig. 3. Epicenters distribution of the earthquakes, which occurred in and around
Egypt for the period from 1900 to 1996. The historical earthquakes are shown
in the figure too (Modified from El-Araby and Sultan, 2000).

GPS Measurements

GPS techniques have been explosively developed and used for
crustal deformation researches since around the beginning of the
1980s in various regions on the world. In and around the Cairo city the
GPS measurements were initiated early in 1996. A GPS network
consists of 11 sites (Figure 1) has been established at the area around
greater Cairo city, in 1995, after the occurrence of the October 12,
1992 earthquake (Mp=5.9) to study the crustal deformation in this
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important area. The Nile River runs in the middle of this network
(Figure 1). The northern part of the GPS network covers the southern
part of Nile Delta, whereas its eastern and western parts are deserts.
The campaign observations have been repeated in the area each year
between 1996 and 2000. The data length spans over five years is long
enough for obtaining reliable velocities at sites (e.g., Kato et al.,
1998). GPS observations were carried out using dual frequency
Trimble 4000SSE and 4000SSI receivers. The sampling interval and

elevation were fixed at 30 sec and 15° respectively throughout the
survey.

The GPS data were organized into 24 hours segments
covering a UTC day to facilitate the combination of the data with
some of the surrounding IGS sites; ANKR, ONSA, KOSG, IISC,
BAHR, YAR1, and MASL1 to constrain the site coordinates. Then, the
data were processed using the GAMIT software, developed at MIT
and SIO (king and Bock, 1991), to produce estimates and an
associated covariance matrix of station position for each station with
loose constrains on the parameters. To get a combined solution (site
positions and velocities), all such covariance matrices are input to
GLOBK, which is a Kalman filter. The basic algorithms and a
description of this technique are given in Herring et al. (1990) and its
application to GPS data in Feigl et al (1993). By introducing global h-
file, we have obtained coordinates and velocity vectors at each site in
the ITRF96 reference frame (Boucher et al., 1998). Figure 1 shows the
horizontal component of the velocity vectors with 95% confidence
error ellipses. The horizontal components of these velocity vectors are
further used to estimate the strain field by Least-Squares Prediction
method.

Monitoring of the crustal strain perturbations in space and time
is a key to understand the physical process in the crust as well as to
forecast the crustal activity. Dense GPS measurements with long time
span provide us with one of the ideal tools to realize this. In the
present study, we try to delineate the crustal strain of the greater Cairo
using GPS measurements in the data period and discuss its tectonic
implications.
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STRAINS ANALYSIS

To delineate crustal strains in the Cairo region, we applied the
Least-Squares Prediction (LSP) method used by EIl-Fiky and Kato
(1999a). The method is a corollary of the least-squares collocation
method developed by Moritz (1962) for the reduction of gravity data.
In this method El-Fiky and Kato (1999a) assume that the spatially
distribution of geodetic data | is given by the summation of tectonic
signal t and noise n, so that it is expressed by the following
observation equation;

I=t+n.

Where t is the tectonic signal vector at the observation points and n is
the noise vector, which represents the measuring error. Here, the
signal is the tectonic deformation that arises from inside and outside of
the region. Noise is erroneous fluctuations that are inherent in each of
the GPS sites. Such noise stem from some known or unknown sources
such as monument instability, underground water flow, or other
artificial causes. This noise have to be removed to obtain crustal
deformation of tectonic origin. Thus, the problem is to extract the
signal S at any arbitrary location from | by some filtering technique,
considering that the noise n are limited to only the site or adjacent
local regions and tectonic signal t may have rather wider correlations
in nature (EI-Fiky, 1998). Thus, the hypothesis in which the signal has
spatial correlation whereas the noise does not is made use to separate
their components. Variance-covariance analysis of data is a good
measure to find such spatial correlation. If we assume that the velocity
field is isotropic and homogeneous, the covariance of data will only be
a function of site distance (e.g., EI-Fiky et al., 1997; El-Fiky and Kato,
1999b). We then demean the EW and NS velocity components and
calculate the variance Ci(0) = (X lili)/N and covariance Ci(dg) = (X
lilj)/Nq of the data for each components. Here, N is the total number of
data sites and Ngq is the number of data points within a specific discrete
distance interval, from which dq is taken as the median of this assumed
interval. Variances are estimated at each observational site whereas
covariances are estimated for all site pairs within the assigned distance
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interval. Thus, obtained variances Ci(0) may include signal and noise,
but the covariances Ci(dq) include only signals according to the above
hypothesis.

Plot of the covariances with respect to the distance would be a
curve that naturally diminishes with distances. One of a simple
mathematical function to express such plots would be a Gaussian
function in the following form, Ci(di) = C¢(0) exp (-k*di?), which we
chose here as the empirical covariance function (ECF). Two
parameters C¢(0) and k are fitted from a covariance plot of the data.
Ct(0) is the expected variance at the sites and C,(0) = Ci(0) - C+(0) is
considered to be the noise component at the site. k is an indication of
how far the correlation reaches, which has the dimension of the
inverse distance.

Once ECF is obtained, we can estimate the signal S at any
arbitrary point by the following formula (e.g., El-Fiky and Kato,
1999a);

S = C«CL 1l

Where the matrix Cst is composed of elements ¢st (1 <t <N, 1 <s<P,
where P is the number of grid points whose signals are to be
estimated); cs is given by ¢t = Cu(0) exp (-kudst?) for EW component
and cst = Cvt(0) exp (-kv2ds?) for NS component, respectively, where ds
is distance between the data site and the predicted site. The above
formula was used to reconstruct velocity vectors (signal) at grid points
of 5 km x 5 km mesh covering the study region.

RESULTS AND DISCUSSION

To estimate the crustal strains in the GPS data for the period
(1996 — 2000), we used horizontal velocity vectors shown in Figure
(1). The averages of velocities in the NS and EW components are
subtracted separately from all of the site velocities to remove
systematic bias. Then, we applied the LSP as described above to each
of the vector components (East-West and North-South) independently.
ECF for each of the components are fitted to the data. The parameters
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of ku, Cut, and Cyr for EW component are estimated to be 0.012 km?,
40.01 (mm/yr)?, and 13.5 (mm/yr)>. While the k, , Cw, and Cyr
parameters for NS component are estimated to be 0.015 km™, 12.0
(mm/yr)?, and 3.5 (mm/yr)?, respectively. These parameters are used to
compose the covariances matrices and reconstruct displacement
vectors (signal) at grid points in and around the Cairo region. Then,
the estimated velocities at these grid points are differentiated in space
to obtain crustal strains in this data period.

In order to establish a common reference frame for the
observational GPS campaigns the mentioned seven IGS stations were
selected. These stations have RMS in each velocity component smaller
than 1.0 mm/yr in the ITRF96 reference frame. Note that, ITRF96 is
adopting the NNR-NUVELL1 plate motion model (e.g., Patrick, et al,
1998; Iwakuni, 2001). The magnitude of the horizontal velocity
vectors in ITRF96 is in the range of 20 - 27 mm/yr with an average of

24.16 + 2.1 mm/yr in N4°+5°W. The associated errors are bout 3 mm
and 1.5 mm in east and north components, respectively. The observed
horizontal velocity vectors with error ellipses are shown in Figure (1).
Direction of the estimated average velocity is consistent with that for
African plate relative to the Eurasian plate by NUVEL-1A (N2° +
3°E), but the velocity rate of this region is about two times greater than
that estimated for the African plate relative the Eurasian plate by the
same model (11+1 mm/yr in N2° £ 3°E direction). The satellite laser
ranging (SLR) observations near HELW (Helwan station) supported
the NUVEL-1A rates for northeastern Africa (e.g., Robbins et al.,
1995). The problem with SLR observations is that the results have
high uncertainties at this station (Helwan, 6 + 9 mm/yr at 213° + 62°).
In fact, long span and denser GPS observations are needed to clarify
the high velocity rate in this study.

Figures (4), (5), and (6) are the estimated areal dilatational
strains, maximum shear strains, and principal axes of strains,
respectively. Although these figures estimated from only five years of
data, they well portray characteristics of the tectonic deformation in
the Cairo region.
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First of all, the dilatational strains shown in Figure 4 indicate that
the studied region is separated into two areas: the northern part where
compression strain is predominant and the southern part where
extensive areal strain prevails. The largest areal compressions reaching
more than 0.2 ppm/yr in the northern part might be due to the
subduction of the African plate along the Hellenic arc and/or Cyprean
arc. EI-Fiky (2000) used the velocity vectors at 189 sides derived from
GPS observations in the Eastern Mediterranean—Middle East region
for the period from 1988 to 1997 to investigate crustal strains field in
this tectonically active region. He found that the convergent strain rate
is dominant in the northeastern Africa due to the collision of Africa
and Eurasia. The strain field in the northern part of the present study is
in a good agreement with his analysis. Based on the present analysis,
we also can say, the crustal deformation due to the collision of African
and Eurasian plates might be extended from plate boundary and covers
the southern part of the Nile Delta. On the other side, the large area of
extensional strains seems in relation with the tectonic motion along
the Gulf of Suez and the deformation along the NW-SE and W-E
faults in this region.
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Fig. 4. The rate of areal dilatation of the Greater Cairo region estimated by the LSP
technique for the period from 1996 to 2000. Unit is Micro_strain/yr.

Maximum shear strains (Figure 5) show two maxima of high
values of strain in the northern and southern parts of the studied region
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separated by a very low maximum shear strains or almost strain-free
zone in the middle of the region. It is interesting to note that at the
southern edge of the above low area, the October 12, 1992 earthquake
occurred (Figure 5). We should also note that the first GPS campaign
was in 1996, about four years after the October 1992 earthquake.
Therefore, we may able to say that the accumulated strain in this low
zone was totally released by the co-seismic and the post-seismic of the
October 1992 earthquake. In addition, the present analysis show that
there is no any evidence for earthquake activity in this low zone in the
near future. However, there is still possibility for seismic activity in
the northern or southern parts of the studied area where the strain rates
are high. The above low zone of strains has been confirmed by seismic
data. Mohamed (2001) used the seismic data for the period 1910-1999
and Richer's formula (1958) to estimate the earthquake energy release
as function of time and location in and around the Cairo city. His
results showed that the level of earthquake activity is very low
throughout the studied region, except for the Dahshour area for the
period 1992-1993.

On the other hand, the strain field in the two maxima in
northern and southern areas may not relate to any co-seismic and/or
post-seismic movements. The seismicity of this area was very low
during the period of our interest; with the largest magnitude of
earthquake being recorded was less than 4.0. To, compare the
maximum shear strains with the seismic data, epicentres of shallow
earthquakes of depth less than 30 km are plotted in the Figure (5). So,
the above high strain rates in the in northern and southern areas might
be due to the subduction of the African plate under the Eurasian plates
and the tectonic motion along the Gulf of Suez as well as the
deformation along the NW-SE and W-E faults (Figure 2) in the region.
Generally, the low strain rates and low level of earthquake occurrence
in the central part of the studied region (the low zone) during the
present interval indicate that internal deformation in this region is very
small.

The distribution of principal axes of strains (Fig. 6) shows a
general contraction of about 0.2 ppm/yr in nearly north-south direction
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in the northern part of studied region. This may be due to the
compressional force acting at the convergent plate boundary between
the Eurasian and the African plates. The present analysis indicates that
that the effect of this force might be extended to the southern part of
Nile Delta.

Badaway (2001) used earthquake focal mechanisms and borehole
breakouts in Egypt and compiled the stress field for Egypt including
the studied region. His results show dominant NW-SE compression in
and around the Cairo city. In spite of the scatter of seismic data and
the uneven distribution of sampling sites, the direction of contraction
is in general agreement with the strain rate field derived from GPS,
(Figure 5), showing a compression strain in NW-SE direction in the
northern part of the Western Desert.
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Fig. 5. Distribution of the maximum shear strain rates in the Greater Cairo region
estimated by the LSP technique for the period from 1996 to 2000. Unit is
Micro_strain/yr. Shallow earthquakes (d<30 km) of magnitude greater or equal
to 2.0 from Jan. 1996 to Dec. 2000 are plotted (Egyptian Seismic Network and
ISC). Star indicates the epicenter of the October 12, 1992 earthquake.

The Cairo earthquake of 12 October 1992 was considered to be
an unexpected event for the Egyptians geophysicists. It occurred in an
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area, which somewhat considered to be stable with an actually simple
tectonic setting. On the contrary, historical seismological evidences
are in contradiction with consideration. Based on historical records,
El-Sayed et al, (1998) indicated that the greater Cairo region has a
history of repeated shaken by similar-size earthquakes. They also
found that the repeated interval since 1754 is of about 80 years for
such type of destructive earthquakes in this region. In addition, nearby
the epicenter of the recent 1992 earthquake there were two moderate
but destructive shocks occurred in 1847 and 1920. On the other hand,
the region has also been suffering damage from depart earthquakes.
The most recent examples of such severe distant earthquakes are the
events of 22 November 1995 along the Gulf of Agaba (Mw=7.2) and
of 9 October 1996 at Cyprus (Mw=6.8). Moreover, the analysis for
historical records shows that for most of the large earthquakes, which
occurred in Egypt or in the surrounding countries, the Cairo city was
affected more than other sites in Egypt. This may be due to the fact
that a large part of the building stock in the greater Cairo area is in
very poor state. On the other hand, we should consider another
important factor, that is, the surface geology of Cairo area, which may
strengthen the ground motion values during the earthquakes (El-Sayed
et al, 1998). The Cairo city is located partially on the tip of the Nile
graben and partially within the major Nile Vally graben. The width of
the Nile Valley graben is up to several kilometers and filled by
sedimentary materials (EI-Gamili, 1982). The upper most part is silty
to fine sand, water saturated in some areas and sandy partially
saturated in other areas. Once this type of soil is strongly shaken, it is
highly subject to the liquefaction phenomena. Destruction due to
liquefaction could be observed in the Nile flood plain areas (Badawi
and Mourad, 1994). As it is mentioned above, earthquake damage in
northern Egypt with concentration in the Cairo city has been reported
from earthquakes, which occurred as far as Crete, Cyprus, Turkey or
Gulf of Agaba. As it is mentioned above, the latest examples of such
earthquakes are the events of 1995 along the Gulf of Agaba and of
1996 at Cyprus. These two events were located at distances of about
400 and 600 km from the Cairo city, respectively. Although these
earthquakes caused relatively minor damages, it indicates that at least
some of the buildings in the Cairo are in a poor shape, since normally
destruction would not be observed at these long distances. In the view
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of the historical and recent earthquakes data for Cairo area, the
maximum experienced earthquake magnitude is about 6.6 (Ambraseys
et al., 1994). Based on the period of historical and recent seismic
activity, the Cairo area might probably experience another destructive
earthquake in the coming eighty years or so (e.g., Elgamal et al.,

1993).
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Fig. 6. Magnitude and orientation of principal axes of strains in the of the Greater
Cairo region estimated by the LSP technique for the period from 1996 to 2000.
Straight bars are compressional strains and arrows represent extensional strains,
respectively. Unit is Micro_strain/yr.

Finally, we can say that the Cairo earthquake of 12 October
1992 rings an alarm for the future urban strategy in Egypt. To mitigate
the effects of similar future disastrous earthquakes, seismic risk factors
should be considered. In addition, we should also realize that building
codes might be different for different localities in Egypt. From the
economical point of view, it might be cheaper to use proper building
codes for different parts of the country, which we can get through the
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detailed geophysical studies for each region. On the other hand,
monitoring variation in the crustal strain in space and time is a key to
help understand the physical process in the crust and to forecast the
crustal activity. A dense array of continuous GPS tracking network
supplemented by a dense seismic network could provide us with one
of the ideal tools to realise this. For this purpose the National Research
Institute of Astronomy and Geophysics (NRIAG) have installed a
modern seismic network and planning to establish a dense arrays of
continuous GPS tracking network in Egypt.

CONCLUSIONS

Velocity vectors in ITRF96 obtained from six GPS campaigns
during 1996-2000 indicate that the magnitude of the horizontal
velocity in and around the Cairo city is in the range of 20-27 mm/yr
with an average of 24.16 mm/yr in N4°W. The Least-Squares
prediction (LSP) technique has been employed to segregate the signal
and noise in the GPS data. Estimated signals were used to reconstruct
the strains; dilatations, maximum shear strains, and principal axes of
strains. The estimated dilatation strain rate and the maximum shear
strain rate are both about 0.12 micro strain/yr in average. A
compressional strain regime is observed in the northern part of the
studied region, which might be due to the collision of Africa and
Eurasia. The large area of extensional strains in the southern part of
the studied region may be related to the tectonic motion along the Gulf
of Suez and the deformation along the NW-SE and W-E faults in the
region. Maximum shear strains show two maxima of high values of
strain in the northern and southern parts of the studied region
separated by a very low zone of maximum shear strains or almost
strain-free zone in the middle of the region. At the southern edge of
this low area, the October 12, 1992 earthquake occurred. This
indicated that the accumulated strain in this low zone was totally
released by the co-seismic and the post-seismic of the October 1992
earthquake. In addition, the present analysis shows that there is no any
evidence for earthquake activity in this low zone in the near future.
The above low zone of strains has been confirmed by seismic data.
The principal axes of strains correlate with the Shmax directions
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obtained from earthquake focal mechanisms and borehole breakouts.
The principal axes of the strains indicate that the compressional force
acting at the convergent plate boundary between the Eurasian and the
African plates affect the northern part of the studied region. The
present analysis indicates that the effect of this force might be
extended to the southern part of Nile Delta.
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