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To estimate the elastic and inelastic strains in and around the Cairo City, Egypt, five years of
Global Positing System (GPS) measurements from 1996 to 2000 were used. The GPS data were
processed using the GAMIT and GLOBK software to produce the displacement vectors of each
GPS site. The Least-Squares Prediction technique (LSP) was applied to segregate the signal and
noise in the observed velocity vectors. Estimated signals (displacement vectors) were
differentiated in space to reconstruct the total strains (elastic plus inelastic). Then, we estimated
inelastic strains of the studied region using the inversion method. The estimated rate of inelastic
strains is of the order of 10-3 pstrains/yr. Comparing this with the rate of total strains of the
order of 0.1 pstrains/yr, inelastic part was found to be negligible. Thus, shear stresses at the
surface of Cairo region have been estimated based on the elastic theory. Principal axes of the
stresses indicate that the compression force acting at the convergent plate boundary between
the Eurasian and the African plates affect the southern part of the Nile Delta. Maximum shear
stresses show two maxima of high values of stress in the northern and southern parts of the
studied region separated by a very low zone of stresses or almost stress-free zone in the middle
of the region. The October 12, 1992 earthquake occurred at the southern edge of this low area.
This indicated that, the accumulated stresses in this low zone were almost released by the co-
seismic and the post-seismic of the October 1992 earthquake. In addition, the present analysis
shows that there is no evidence for earthquake activity in this low zone in the near future. This
low zone of stresses has been confirmed by seismic data.
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1. Introduction

The Cairo region has been the focus of
intense geological and geophysical
investigations since the occurrence of the 12th
October 1992 earthquake (Myp=5.9). This
moderate earthquake occurred at Dahshour
city, about 25 km southwest of Cairo. In spite
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of its relatively moderate magnitude, it caused
a widespread damage in Cairo city and its
surrounding areas. It was the largest
earthquake in northern Egypt in the past
hundred years. Therefore, the National
Research Institute of Astronomy and
Geophysics (NRIAG), Egypt, started a series of
geophysical studies in the epicenter area and
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in and around Cairo to help understanding the
physical process of the crust in this
tectonically active area [1]. In addition,
historical records indicated that there were
two moderate but destructive earthquakes
that occurred in 1303 and 1847 near to the
epicenter of the 1992 earthquake [2,3]

Monitoring of crust strain fluctuations is
very important to understand the physical
processes in the crust as well as the prediction
of crust activity. Dense Global Positing System
(GPS) measurements could provide a powerful
tool for monitoring crust strain. For this
purpose the NRIAG has installed a GPS
network consists of 11 sites, fig. 1, at the area
around greater Cairo, in 1995, after the
occurrence of the October 12, 1992
earthquake. In this study we used the GPS
measurements from this network in and
around the Cairo region for the period from
1996 to 2000, and applied the Least-Squares
Prediction (LSP) technique to delineate the
crust elastic and inelastic strains of this
tectonically active region.

One problem in providing the strain field
using geodetic data is due to the assumption
that the surface crust deforms only elastically
in time and our inability to detect the inelastic
properties of the crust that may be relevant to
earthquake prediction. Evidences from
geological and geomorphologic studies in many
areas suggest that the crust deformation is
not purely elastic, especially for long time
intervals. Thus, the estimation of the inelastic
properties of the crust is important to
collaborate the deformation with
geomorphology. Moreover, the estimate of
stresses in the crust are important in relation
to earthquake occurrence, for which we need
to know the inelastic deformation embedded in
the total deformation. Therefore, a more
appropriate way is to model the studied region
as elasto-plastic bodies assuming that
inelasticity comes from plastic strain. Then,
the surface strains can be inverted to study
the inelastic properties of the crust. This could
help us to delineate elastic crust-strains after
removal of the inelastic part.

In the present study, we first estimated the
total strains and then, the principal
components of these strains were inverted,
using the inverse method proposed by [4] to
study the inelastic properties of the crust in

and around Cairo. Then, crust stresses in this
active tectonically region are delineated from
elastic  crust-strains.  Finally, a  brief
discussion of the tectonic implications of the
results is given.

2. GPS measurements

GPS techniques have been extensively
developed and used for crust deformation
researches since the beginning of the 1980s in
various regions of the world. In and around
Cairo, GPS measurements were initiated early
in 1996. A GPS network consists of 11 sites,
fig. 1, has been established at the area around
greater Cairo, in 1995, after the occurrence of
the October 12, 1992 earthquake to study the
crust deformation in this important area. The
Nile River runs in the middle of this network,
the northern part of the GPS network covers
the southern part of Nile Delta, whereas its
eastern and western parts are deserts.

A campaign of observations has been
repeated in the area each year between 1996
and 2000, except for 1997 where the
observations have been repeated twice in
January and October. The data length spans
over five years that is long enough for
obtaining reliable velocities at the observed
sites [5]. GPS observations were -collected
using dual frequency Trimble 4000SSE and
4000S8SI 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, YARI1, and MASI1
to constrain the site coordinates. Then, the
data were processed using the GAMIT
software, developed at MIT and SIO [6] 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 [7]
and its application to GPS data in [8]. By
introducing global h-file, we have obtained
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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.

coordinates and velocity vectors at each site in
the ITRF96 reference frame [9]. Fig. 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 total
strains by Least-Squares Prediction method. A
detailed analysis of the GPS data is given in
[10].

3. Total strains

First, the LSP technique to estimate the
total strains using the GPS data was
employed. The LSP method is a corollary of the
Least-Squares Collocation (LSC) technique
[11]. The application of this method to the
crust deformation data was discussed in detail
by [12, 13]. In this study, the total strain
components were calculated following the
method described by [13].
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To estimate the total strains (elastic plus
inelastic) in the GPS data for the period from
1996 to 2000, we used the horizontal velocity
vectors shown in fig. 1. The average velocities
were subtracted from all of the site velocities
to remove the systematic bias. Then, the LSP
were applied to each vector component (East-
West and North-South) independently. The
Empirical Covariance Function (ECF) for each
component was fitted to the data [14]. Then,
ECFs were wused to reconstruct the
displacement vectors (signal) at grid points of
7 km x 7 km mesh covering the studied
region. Then, estimated velocities at this grid
points were differentiated in space to obtain
total crust strains. Figs. 2 and 3 are thus the
estimated maximum shear strains, and
principal axes of strains, respectively. The

strain parameters were estimated in this
analysis as follows [14]:
Maximum shear strain
2 20.5
Ymax = {(€xx - €yy) + yxy }
467
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Principal axes of strain Where A is the dilatation strain (A= ex +
£1= 0.5 (A + Ymax). €y); Yay is the shear strain fry = 0.5 (ey + ex));
6 is the direction €, of measured from x-axis

Principal axes of strain 4 : :
anticlockwise; and eyx and ey, are the linear

e 0:5 (& - Ymax)- strains components. [10] estimated the strains
Direction of &1 field of this region in more details for the same
0 =0.5tan! { /(ex - ey)). data period. We refer the reader to this

reference for more details.
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Fig. 2. 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 p 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).
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Fig. 3. Magnitude and orientation of principal axes of strains in the Greater Cairo region estimated by the LSP technique

for the period from 1996 to 2000. Dashed lines are compression strains and straight lines ones are extensional strains,
respectively. Unit is p strain /yr.
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4. Inelastic strains and inversion analysis

Ref. [4] proposed a formulation of an
inverse problem relating surface deformation
and inelastic properties of the earth's crust.
They showed that, the inelastic properties of
the crust could be studied if its deformation is
measured. In this section we will make use of
their hypothesis to isolate the inelastic
properties of the Cairo region so that reliable
crust strains can be delineated for earthquake
prediction studies.

The elasto-plastic constitutive relations of
the heterogeneous earth’s crust are expressed
in terms of stress and strain as,

G = Cijki(€Rki-€Pki). (1)

Where Cjw is the stress tensor, &Rfw is the
observed (total) strain increment, and ePu is
the plastic (inelastic) strain increment or eigen
strain. From eq. (1) the observed stress, of;,
and plastic stress, ¢’j, can be expressed in the
following forms;

O'Rij = Cjju &R and O'Pij = Cijut e % (2)
o’y is usually called eigen stress or polarized
stress. When eigen stress =0, then the

material is fully elastic, i.e., oy = c%j. We can
rewrite eq. (1) in the following form,;

oj =c%j - o'y . (3)

By space differentiation of eq. (3) with
respect to x and y, respectively, we gel the
following equations;

R R P P
Cii+t o122 =01 +to 122 OG-0 22 (4)
R R P p
621,11 0222 =0 21,1+t 0222 -G 21,1-06222. (5

Where, the subscripts 1 and 2, following the
comma in the above equations stand for the
derivatives with respect to x and vy,
respectively. From the equilibrium condition,
the left hand side of eqgs. (4) and (5) should be
equal to zero. Then, we have;

P P . R
G111+ 0 122 =0 11,1+ 0 122, (6)

P P _ R R
G211t 0222 =0211+0 222 (7)

Here we assume that plastic strain
increment does not have volumetric part (e Pu
=0), which means €P1; + € P22 = 0 and €33 = 0.

Once again, by differentiation of egs. (6)
and (7) with respect to x and y, respectively
and considering the above assumption, we can
get the following equations;

p P AR R
G 1,11+ 0 11,22 =0 11,11 - O 22,22, (8)

P P (O R R R
G211t 01222 =0 12,11t 0 12,22+ O 11,12% O 22,12.
9)

Egs. (8) and (9) are therefore our target to
solve the inverse problem;

The inverse problem then reduces to a pair
of Poisson equations as follows;

o' 1,11+ o'11,22 = pi %, y),
o 12,11+ 6 1202 = p2 (X, y). (10)

The source terms of the above Poisson's
equations are known. Then, straightforward
by the Finite Difference Equations (FDE)
technique [15], eq. (10) can be solved for the
inelastic normal and shear strains. Finally,
the maximum shear of inelastic strain is given

by;
P _ P P \2 P ,2,1/2
Omax= {(011+0 22+ (0 12)}'". (11)

The right hand side of egs. (8) and (9) gives
us the known surface deformation and the left
hand side gives us the unknown inelastic
properties of the crust. The known surface
deforiations are the first and second partial
derivatives of the total strains at each grid
point estimated in section 3.

5. Results and discussions

Fig. 4 shows the estimated maximum
shear rates of the inelastic strains in and
around Cairo City. The obtained inelastic
shear strain rate does not exceed 1.0x10-8/yr
everywhere in the studied region. Although the
magnitude of the inelastic strain rate is very
small, it is significant especially in the patched
areas as shown in fig. 4. The uncertainty is
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estimated to be in the range of 25-45% of the
obtained inelastic strains.

Maximum shear inelastic strains, fig. 4,
show two patches of relative inelasticity in the
Northern and Southern parts of the studied
region. In addition, there is a low inelastic
strains zone in the middle of the region. The
epicenters of shallow earthquakes of depth
less than 30 km that occurred in the same
interval of GPS data are plotted in fig. 4 to
compare the inelasticity with the seismic data.
It should be noted that, the inelastic strain
field in these two high regions might not relate
to any co-seismic and/or post-seismic
movements. The seismicity of these regions
was low during the studied period, as it will be
mentioned later. Since the increase in the
inelastic strains (plasticity) might indicate the
eminence of an earthquake faulting in the
studied area, there is a possibility for seismic
activity in the northern and southern parts of
the studied area where the inelastic strain
rates are relatively high.

A closer look at figs. 3 and 4 suggests that,
there is a spatial correlation between inelastic
and total strains in the northern and southern
regions, but slightly shifted to the eastward
direction. Since this is a unique example in
this region so far, it is very difficult to say
whether it just a coincidence or tectonically
possible phenomena. However, generally the

Unit: 0.001 Micro_strain/yr

inelastic strain rates over the studied region,
fig. 4 are very low (10-3 pstrain/yr) compared
to the total rates (10-! pstrain/yr) fig. 3. This
suggests that, the Cairo region deforms mostly
elastically, and the crust stresses at surface
can be well explained by the simple elasticity
theory, as it will be discussed later.

The above inversion technique introduced
in thig study can be applied in other active
areas in Egypt, such as Aswan area or Red
Sea area as a possible criterion for forecasting
of large inland earthquakes because, as it is
mentioned above, the increase in the inelastic
strains (plasticity) might indicate the eminence
of an earthquake faulting.

Based on the above analysis, we may
conclude that the Cairo region deforms mostly
elastically and that figs. 2 and 3 represent the
elastic crust-strains of the present interval.
On the other hand, the crust stresses at the
surface were estimated by the simple elasticity
theory as shown in figs. 5 and 6. In this
analysis, the Poisson's ratio and rigidity are
assumed to be 0.25 and 0.5x10!! N/m?,
respectively. Although the maximum shear
stress, fig. 5, and principal axes of stress, fig.
6, estimated based on the elasticity theory and
from only five years of data, they well portray
characteristics of the tectonic deformation in
the Cairo region.

30.6N

30.2N

29.8N

O

1
30.8E

O M=20

1
31.6E

O m=4a0

32.0E

Fig. 4. Distribution of the rate of the maximum shear inelastic strains in and around the Cairo City as estimated by LSP
and FDE for the period from 1996 to 2000. Unit is pstrain/yr. Epicenters of shallow earthquakes (d< 30 km) are plotted.
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Fig. 5. Distribution of the maximum shear stress rates in and around the Cairo City as estimated by LSP and FDE for the
period from 1996 to 2000. Unit is 0.001 MPa/yr. Epicenters of shallow earthquakes (d< 30 km) are plotted.

Since the crust shear stresses are
estimated based on the elastic theory, they
showed the same patterns of the elastic
strains shown in figs. 2 and 3. The pattern of
maximum shear stresses, fig. 5, show two
maxima of high values of stress in the
northern and southern areas separated by a
very low stress or almost stress-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, fig. 6. 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 stresses in this low zone were
almost 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.
However, there is still possibility for seismic
activity in the northern or southern parts of
the studied area where the stresses rate are
relatively high. The rate of maximum shear
stress found to be maximum in the northern
and southern areas of the study region
(4.2x10-3 MPa/yr), which 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 [10] in the
region. On the other hand, the Maximum
shear stresses 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 4.5. Also, to compare the maximum
shear stresses with the seismic data,
epicenters of shallow earthquakes are
superimposed on fig. 6. The above low zone of
stresses has been confirmed by seismic data.
[16] used the seismic data for the period 191Q-
1999 and [17] 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.

The distribution of principal axes of
stresses, fig. 6, shows a general contraction of
about 8.2 MPa/yr in nearly north-south
direction in the northern part of the studied
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Fig. 6. Magnitude and orientation of principal axes of elastic stresses in and around the Cairo City as estimated by LSP
and FDE for the period from 1996 to 2000. Unit is 0.001 MPa/yr.

region. This may be due to the compression
force acting at the convergent plate boundary
between the Eurasian and the African plates.
The present analysis indicates that the effect
of this force might be extended to the southern
part of the Nile Delta. In addition, the large
area of extensional stresses in the southern
part of the area, fig. 5, 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 [10]. On the other side,
the direction of compression stresses derived
in this study for the Cairo region from GPS is
in a good agreement with that deduced from
earthquake focal mechanisms and borehole
breakouts by [18].

Generally, the low maximum shear stress
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.

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. On the other hand, monitoring the
crust stress/strain perturbations is a key to
understand the physical process in the crust
to forecast the crust activity. A continuous
GPS tracking network supplemented by a
dense seismic network could provide us with
one of the ideal tools to realize this. For this
purpose the National Research Institute of
Astronomy and Geophysics (NRIAG) have
installed a modern seismic network and
planning to establish a continuous GPS
tracking network in Egypt.

5. Conclusions

The velocity vectors in ITRF96 obtained
from six GPS campaigns during 1996-2000
have been used to estimate the elastic strains
and inelastic properties in and around the
Cairo City. Least-squares prediction method to
estimate the total strains in the data period,
were firstly applied. Then, inelastic strains of
the studied area have been estimated using
the inversion technique introduced by [4]. The
resultant rate of inelastic strain is in the order
of 102 pstrains/yr. When compared with the
rate of total strain of the order of 0.1
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pstrains/yr, non-elastic part of strains may be
negligible (less than 1.0 %). This suggests that
Cairo region deforms mostly elastically, and
the crust stresses at the surface can be well
explained based on the simple elastic theory. A
compression stress regime is observed in the
northern part of the studied region, which
might be due to the collision of Africa and
Eurasia. The relatively large area of stresses
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 stresses show two maxima of
high values of stress in the northern and
southern parts of the studied region separated
by a very low zone of maximum shear stresses
or almost stress-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 evidence for
earthquake activity in this low zone in the
near future. This low zone of stresses has been
confirmed by seismic data.
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