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Abstract

Five GPS measurements collected in campaign mode during the period +331�,**, are analyzed

to derive velocity vectors and principal components of crustal strains along the Gulf of Suez and in

the southern part of the Sinai Peninsula, Egypt. Estimated horizontal velocity vectors in ITRF,***

are found to be in the range of ,3�-/ mm/yr with an uncertainty level in the order of +�, mm/yr

(3/� confidence level). Then, estimated velocities are converted into a kinematic reference frame

(Prawirodirdjo and Bock, ,**.) to discuss crustal deformation relative to the Eurasian plate.

Least-Squares prediction (LSP) technique is employed to segregate signal and noise from velocity

vectors. Estimated signals are used to reconstruct strains, dilatations, maximum shear strains, and

principal axes of strains. Strains obtained might portray active tectonic environments in the region

under study. (+) Dilatational strains indicate that the region under study is mainly divided into two

areas : the western part around the Gulf of Suez where extensional strain is predominant, and the

eastern part around the Gulf of Aqaba where compressional strains prevail. (,) Maximum shear

strain is mostly accommodated at the Gulf of Suez and Gulf of Aqaba. Distribution of seismicity

shows high consistency with high shear strain areas. The estimated dilatation strain rate and the

maximum shear strain rate are both *.,/ Micro-strain/yr on average. (-) Principal axes of the strains

indicate that an extensional force is acting along the Gulf of Suez in the NE-SW direction. Moreover,

the principal axes of strains show a good correlation with the SHmax directions obtained from

earthquake focal mechanisms and borehole breakouts.

Key words� Sinai Peninsula, Gulf of Suez, Gulf of Aqaba, GPS measurements, crustal strains,

least-squares prediction.

+. Introduction

The territory of Egypt is not a major seismic

zone (e.g., Ambraseys et al., +33.), but earthquakes

represent a significant hazard. Egypt covers an area

of about +,***,*** km,, and is located at the northeast-

ern corner of the African plate (Fig. +). The African

plate is bounded at the east by the Arabian plate and

at the north by the Eurasian/Anatolian plate (Fig. ,).

The boundaries between these plates are in relative

movement with respect to each other. The Arabian

plate is moving in the NNW direction relative to the

Eurasian plate at a rate of about ,*�,/ mm/yr (De-

Mets et al., +33* ; DeMets et al., +33. ; Jestin et al.,

+33.), causing crustal spreading along the axis of the

Red Sea and lateral slip along the Dead Sea trans-

form zone, producing the Gulf of Aqaba - Dead Sea-

East Anatolian trend. The African plate is moving in

the northward direction relative to the Eurasian

plate at a rate of about +* mm/yr (DeMets et al., +33* ;

DeMets et al., +33.). The di#erential motion between

Africa and Arabia (+*�+/ mm/yr) is thought to be

taken up predominantly by a left-lateral motion

along the Dead Sea transform fault (McClusky et al.,

,***, El-Fiky, ,***).

The African continent is considered to be a sta-

ble region, with the exception of the East African

Rift, which branches in northern Ethiopia into the

Red Sea Rift and the Gulf of Aden Rift (e.g., Garfun-

kel, +32+). The Red Sea Rift branches into the Gulf of

Suez and the Gulf of Aqaba. The Sinai Peninsula is
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Fig. +. Location map of Egypt and area of study.

Fig. ,. Simplified tectonic map of the Eastern Mediterranean and the Middle East region. Arrows indicate

relative plate motion by NUVEL-+A (DeMets et al., +33.).
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one of the main geographic units of Egypt. It is

located north of the Red Sea, and is wedged between

the Aqaba and Suez Gulfs in the northeastern part of

Egypt, southeast of the Mediterranean Sea (Fig. +).

Most historical and recent seismic activities in the

Sinai area were recorded at the northern part of the

Red Sea, southern part of Gulf of Suez, and the Gulf

of Aqaba (Kebeasy, +33*) (Fig. -).

GPS finds applications in the crustal deforma-

tion studies because it gives very precise measure-

ments of a location. Depending upon the signal used

from the GPS satellites, the software used, and the

strategy applied, the resulting uncertainty of site

location can be as large as several tens of meters, or

as small as a few millimeters or less. The maximum

precision is obtained when satellite signals from two

receivers are combined. Phase information in the

signal can be used to determine the position di#e-

rence between sites with an accuracy of a few milli-

meters. GPS is also a technique that has su$cient

Fig. -. A seismicity map of the Suez-Sinai region and surrounding areas (,,**BC-+33/) compiled from data of

Badawy and Horvath, (+333).
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accuracy to measure small motions produced by

earthquake activity.

The aim of this paper is to shed light on the

tectonics and the kinematics of the Sinai area by

investigating crustal deformations of the region us-

ing GPS measurements for the period +331�,**,

with a network composed of ++ sites located on the

west shore of the Gulf of Suez and the Sinai Penin-

sula.

,. Tectonic sketch of Sinai

The tectonics of the Sinai Peninsula are strongly

dominated by the active boundaries between the

African and the Arabian plates, which separate one

from the other. According to current literature, from

Neogene to Late Miocene, this area was subjected to

di#erent phases of motion. Initially, the northeast-

ward drift of the Arabian Peninsula yielded the open-

ing of the Red Sea ; subsequently, the opening propa-

gated toward the north along the Gulf of Suez area.

Finally, the Gulf of Suez opening probably slowed

and the stresses of the Red Sea rift were transferred

along the Aqaba-Levant area, generating a NNE left

shear with a minor extensional component (Fig. ,).

Several geological and seismological investigations

assert that the area surrounding the Gulf of Suez

displayed, in the past, extensional tectonics with a

large deformation rate (e.g., Steckler et al., +322 ; Le

Pichon and Gaulier, +322 ; Salamon et al., ,**-). At

present, some extension is still recognized, but with a

low deformation rate (Steckler, +32/ ; Steckler et al.,

+322).

The Sinai Peninsula has been recognized as a

sub-plate of the African plate (Ben-Menahem et al.,

+310, Courtillot et al., +321) located at the triple junc-

tion of the Gulf of Suez rift, the Aqaba-Levant trans-

form fault, and the Red Sea rift. The question of

whether the triggered motion of the Aqaba-Levant

fault has entirely or partially replaced the opening of

Gulf of Suez is still under discussion. Recent studies

show that the oldest movements of the Aqaba-Dead

Sea fault are certainly younger than those in the

Suez basin (Steckler et al., +322). According to these

studies, the Gulf of Suez shows, at present, low rates

of extensional features (�, mm/yr) and tectonic sub-

sidence (Steckler et al., +322) ; on the contrary, the

Aqaba-Levant transform system displays a higher

rate of motion with geological evidence suggesting

an average of about 2�3 mm/yr (Le Pichon and Gau-

lier, +322). The Dead Sea fault system extends over

about ./* km from the Gulf of Aqaba to the northern

margin of the Hula Valley, where there is a compli-

cated transition zone from the sinistral strike slip

toward the thrust components of the Taurus arc.

Seismic activity mainly occurs along the borders

of the Sinai sub-plate : in the southern part of the

Gulf of Suez, along the Aqaba-Levant fault system,

where it reaches the highest level, and along the

Dead-Sea-Jordan transform. On the contrary, intra-

plate seismicity is di#used and low (Fig. .). Focal

mechanisms characterize the Gulf of Suez solution

with extensional features, and the Aqaba-Levant

fault system with both left lateral strike slip and

extensional styles (Fig. .). Seismic activity in the

Gulf of Suez is highest near its entrance. For exam-

ple, a Ms 0.0 earthquake occurred near Shadwan

Island on March -+,+303 and caused some damage,

which included numerous rock falls (Ambrasesy

et al., +33.). In the Gulf of Aqaba region, numerous

moderate earthquakes with associated aftershock se-

quences and some earthquake swarms were experi-

enced. An intensive earthquake swarm occurred

during the period August +33-�February +33., and

was associated with more than +,,** events (Kimata

et al., +331). The largest earthquake occurred in the

Gulf of Aqaba on November ,,, +33/, with a magni-

tude of 1.*. Ground fractures, damage, collapsed

buildings, and liquefaction were observed in Aqaba

(Jordan), Elat (Israel), and along the western coast of

the Gulf of Aqaba on the Sinai Peninsula (Fig. +).

-. Data acquisition and analysis

GPS has found applications in crustal deforma-

tion studies since the early +32*s in various regions

of the world. In the southern part of the Sinai

Peninsula, GPS measurements were initiated in +331.

A GPS network consisting of ++ sites�seven located

on the Sinai Peninsula and the other four on the west

shore of the Gulf of Suez�has been established to

investigate crustal deformations in this tectonically

active region. Campaign observations have been

repeated five times during the period from +331 to

,**,. The first campaign was carried out in +331 from

November ,* to December , ; the second was per-

formed in +332 from May ,/ to -+ ; the third one was

performed in +333 from August . to / ; the fourth
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campaign was performed in ,*** from September +2

to +3 ; and the fifth one was performed in ,**, from

+. to +0 May. The data length spanning over six

years might be long enough to obtain reliable veloci-

ties at sites (e.g., Kato et al., +332). GPS observations

were carried out using dual frequency Trimble .***

SSE and .***SSI receivers. The sampling interval

and the elevation were fixed at -* sec and +/� respec-

tively throughout the survey.

I processed pseudo-range and phase GPS data in

single-day solutions using GAMIT/GLOBK software

packages (King and Bock, +331). For regional station

coordinates, I solved satellite state vectors and phase

ambiguities using doubly-di#erenced ionosphere-

free LC GPS phase measurements. I used IGS final

orbits and IERS Earth orientation parameters, and

applied azimuth and elevation-dependent antenna

phase center models, following the tables recom-

mended by the IGS. In processing, I included seven

stations of the International GPS service for Geody-

namic (BAHR, ANKR, MADR, MAS+, MALI, RAMO,

HARK) to serve as ties with the International Terres-

trial Reference Frame ,*** (ITRF,***, Altamimi et

al., ,**,). The least squares adjustment vector and

its corresponding variance-covariance matrix for sta-

tion position and orbital estimated for each inde-

pendent daily solution were then passed to a Kalman

filter GLOBK (Herring et al., +33*) to perform a global

network adjustment, and to estimate station posi-

tions and their formal errors. I imposed the reference

frame by minimizing position and velocity devia-

tions of IGS stations with respect to the ITRF,***,

while estimating orientation, translation, and scale

transformation.

.. Time series and velocities field

Processing the above GPS data yielded the pre-

cise coordinates of all stations. Here, the horizontal

and vertical velocities were calculated by linear fi-

tting. Fig. / shows some examples of the time series.

In this figure each small solid circle on the plot

represents an independent position estimate, typi-

Fig. .. Focal mechanisms of moderate to large earthquakes in the region under study and surrounding area for

the period +3//�+333 (modified from Mahmoud, ,**-).
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cally based on ,. hours of observations, with error

bars indicating�one standard error. Even though

repeatability in the vertical component is much poorer,

some significant tectonic displacements were found

(Fig. /). The seven IGS stations mentioned were

selected to establish a common reference frame for

the observational GPS campaigns. These stations

have RMS in each velocity component that is smaller

than +.* mm/yr in the ITRF,*** reference frame.

Calculated horizontal velocity field in ITRF,*** is

found to be in the range of ,3.*�-/.* mm/yr with an

average of -+., mm/yr at N0*�E. The associated

standard deviation of the velocities ranges from *./

to +., mm/yr for horizontal components and from ,..

to /.2 mm/yr for vertical components (Table +).

Then, I used the estimated Euler vectors of the Eura-

sian plate relative to ITRF,*** of Prawirodirdjo and

Bock (,**.) (longitude -33.03+�E, latitude /1.,.0�N, w

*.,0 deg/Myr) to convert the velocity vectors into a

kinematic reference frame. Fig. 0 shows the observed

horizontal velocity vectors with error ellipses relative

to the Eurasian plate. Because most of the coordinate

time series are well approximated by the linear fi-

tting method used in this study, we may consider

that the horizontal velocities shown in Fig. 0 are

representative of the present secular deformation of

the Gulf of Suez-Sinai region. The horizontal compo-

nents of these velocity vectors are further used to

estimate the strain field by the Least-Squares Predic-

tion method.

/. Strains analysis

Monitoring crustal strain perturbations is the

key to understanding physical processes in the crust,

as well as to forecast crustal activity. Dense GPS

measurements with a long time span provide us with

one of the ideal tools to realize this. In the present

study, I try to delineate the crustal strain of the Gulf

of Suez-Sinai Peninsula using GPS measurements for

the period from +331 to ,**,, and discuss its tectonic

implications.

To delineate crustal strains in the Gulf of Suez-

Fig. / a�c. Some examples of time series of station positions (mm) with respect to ITRF,***. Small solid circles

on the plot represent an independent position estimate, typically based on ,. hours of observations, with error

bars indicating�one standard error.
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Sinai region, I applied the Least-Squares Prediction

(LSP) method. The LSP method is a part of the

least-squares collocation (LSC) method developed by

Moritz (+30,) for reducing gravity data, and has been

applied to crustal deformation data by El-Fiky et al.

(+331). In the LSC, the data vector l is assumed to be

composed of systematic errors, tectonic signal, and

noise, and can be expressed by the following obser-

vation equation ;

l�AX�t�n�

Where A is a design matrix, X represents model

parameters for network adjustment, t is the signal

vector, and n is the noise vector. In the present

study, I use the above estimated horizontal velocity

vectors as the primary data set (Fig. 0). I use the LSP

method to interpolate the velocities to a uniform .

km�. km grid, from which I can then compute the

principle components of strain.

In the above equation, noise comprises errone-

ous fluctuations that are inherent at each of the GPS

sites. A number of error sources can a#ect the GPS

coordinate estimates, which then propagate into the

velocity estimates, including : global errors (orbits

and terrestrial references frame, e.g., Blewitt, +33-),

regional errors, especially tropospheric refraction (e.

g., Davis et al., +32/), and local, site-specific errors

Table +. Station coordinates, observed ITRF,*** velocities, and +s uncertainties.

* IGS sites used in this study.

Fig. 0. Yearly averaged velocity vectors with error

ellipses obtained from repeated GPS measurements

relative to the ITRF,*** reference frame in the

Suez-Sinai region for the period +331�,**,.
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including monument instability, multipath, and sig-

nal scattering. (e.g., Genrich and Bock, +33,). Such

errors or noise have to be removed to obtain tectonic

crustal deformation. Some researchers have used

spatial filtering of common-mode noise in geodetic

time series to reduce global errors (e.g., Wdowinski et

al., +331). In this study I use El-Fiky and Kato (+333)’

s approach. I perform a variance-covariance analysis

to determine empirically the spatial correlation in-

herent in the velocity field. I assume that there are

no systematic errors in the present velocity esti-

mates (AX�*), so I am only left with a tectonic

signal, t, and random noise, n. Here, noise is assumed

to comprise local errors that are limited only to the

GPS site or its adjacent local area, while the tectonic

signal can have wider spatial correlations. I further

assume that the velocity field is isotropic and homo-

geneous, so the covariances of data are only func-

tions of site distance (e.g., El-Fiky et al., +331 ; El-Fiky

and Kato, +333). I then demean the EW and NS veloc-

ity components, and calculate variance Cl (*)�(�lili)/

N and covariance Cl (dq)�(�lilj)/Nq of the data for

each component. Here, N is the total number of data

sites and Nq is the number of data points within a

specific discrete distance interval, from which dq is

taken as the median of this assumed interval. Vari-

ances are estimated at each observational site, whereas

covariances are estimated for all site pairs within the

assigned distance interval. Thus, variances Cl (*) ob-

tained may include signal and noise, but covariances

Cl (dq) include only signals according to the above

hypothesis.

A plot of the covariances with respect to dis-

tance would be a curve that naturally diminishes

with distance. One simple mathematical function to

express such plots would be a Gaussian function in

the following form, Cl (di)�Ct(*) exp (�k,di
,), which I

chose here as the empirical covariance function

(ECF). Two parameters Ct (*) and k are fitted from a

covariance plot of the data. Ct (*) is the expected

variance at the sites and Cr(*)�Cl (*)�Ct (*) is consid-

ered 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 using the following formula

(e.g., El-Fiky and Kato, +333) ;

S�CstC
�+
L l�

Where the matrix Cst is composed of elements cst (+�
t�N, +�s�P, where P is the number of grid points

whose signals are to be estimated) ; cst is given by cst

�Cut (*) exp (�ku
, dst

, ) for EW component and cst�Cvt

(*) exp (�kv
, dst

, ) for NS component, respectively,

where dst is distance between data site and predicted

site. The above formula was used to reconstruct

velocity vectors (signal) at grid points (. km�. km)

throughout the study region.

0. Results and discussion

To estimate the crustal strains in the GPS data

for the period (+331�,**,), I used the horizontal ve-

locity vectors shown in Fig. 0. The averages of ve-

locities in the NS and EW components are subtracted

separately from all of the site velocities to remove

systematic bias. Then, I applied the LSP as described

above to each vector component (East-West and Nor-

th-South) independently. ECF for each component

are fitted to the data. The parameters of ku, Cut, and

Cur for the EW component are estimated to be *.*,*3

km�+, +0.2/ (mm/yr),, and +*.++ (mm/yr),, respec-

tively. While the kv, Cvt, and Cvr parameters for the

NS component are estimated to be *.*+32 km�+, 1.-/

(mm/yr),, and +*.+ (mm/yr),, respectively. These pa-

rameters are used to compose the covariances matri-

ces, and reconstruct displacement vectors (signal) at

grid points in the Gulf of Suez-Sinai peninsula re-

gion. Then, the estimated velocities at these grid

points are di#erentiated in space to obtain crustal

strains in this data period.

Figures 1, 2, and 3 are the estimated areal dilata-

tional strains, maximum shear strains, and principal

axes of strains, respectively. The results obtained in

these figures might portray tectonic strains in the

Gulf of Suez-Sinai region.

First, the dilatational strains shown in Fig. 1

indicate that the region under study is separated into

two areas : the eastern part where compression strain

is predominant and the western part along the Gulf

of Suez where extensive areal strain prevails. The

largest areal compressions reach more than *.- ppm/

yr in the northern part of the Gulf of Aqaba, which

might be attributed to compressional activity along

the plate boundary between the Arabian and African

plates, the Dead Sea fault. The extensional strain
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along the Gulf of Suez and its western coast might

have contributed to the opening of the Gulf of Suez

as indicated by several tectonic studies (e.g., Steckler

et al., +322 ; Le Pichon and Gaulier, +322).

Maximum shear strain is mostly accommodated

at the Gulf of Suez to the west, and where the Gulf of

Aqaba begins in the eastern part of the region under

study. In addition, there is a low maximum shear

strain zone in the middle of the region under study

between the Gulf of Suez and the Gulf of Aqaba. The

estimated maximum shear strain rate in the area

under study is about *.,/ Micro-strain/yr on average.

The strain field in the two maxima areas might not

relate to any co-seismic and/or post-seismic move-

ments. The seismicity of the study area was low

during the period of interest ; the largest magnitude

of earthquake recorded was less than /.- near the

Gulf of Aqaba (Fig. 2). To compare the maximum

shear strains with the seismic data, the epicenters of

shallow earthquakes with depths less than -* km are

plotted in the Fig. 2. As can be seen in this figure, the

distribution of seismicity shows high consistency

with high shear strain areas. The low strain rates

and low level of earthquake occurrence at the central

part of the area under study (Figs. - and 2) indicate

that internal deformation in this region is very small.

This is in good agreement with the results obtained

by Wdowinski et al., (,**.). They used continuous

GPS observations around the middle of the Dead Sea

Fault for the period from +330 to ,**+ to monitor

current crustal deformation across the Dead Sea

Fault. Their analysis indicates that the stations lo-

cated west of the Dead Sea Fault show no significant

Fig. 1. The areal dilatation of the Suez-Sinai area as

estimated by the LSP technique for the period +331�
,**,. Unit is Micro-strain/yr.

Fig. 2. Distribution of maximum shear strain rates

in the Suez-Sinai area as estimated by LSP for the

period +331�,**,. Unit is Micro-strain/yr. Epicenters

of shallow earthquakes (d -* km) determined by

NEIC are also plotted.

Fig. 3. Magnitude and orientation of rates of principal

strains axes on the Japanese Islands as estimated

by LSP for the period +331�,**,.
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motion with respect to the Sinai sub-plate, suggest-

ing the rigid behavior of Sinai plate. Whereas the

stations located east of the Dead Sea Fault show a

significant slow motion with respect to the Sinai

block, indicating a left-lateral motion along the Dead

Sea Fault.

The present analysis shows that the African

coast side and the Gulf of Suez are dominated by

extensional strain rates. The extensional axes of

strains change direction gradually from E-W in the

northern part of the Gulf of Suez to a more northerly

direction toward the NE-SW to the south along the

southern part of the Suez Gulf and the coast of the

African side (Fig. 3). The estimated extensional strain

rate is about *.-* Micro-strain/yr on average. The

extensional strain in this region might be due to the

extensional force acting along the Gulf of Suez and

the northern part of Red Sea. In contrast, in the

eastern part of the study area (along the Gulf of

Aqaba and in northern part of the Red Sea), compres-

sional strain is evident (Fig. 3). The compressional

axes of strains tend to rotate gradually from E-W in

the northern part of the Red Sea and the southern

part of the Gulf of Aqaba to a more northerly direc-

tion toward the NE-SW to the north along the gulf.

This might be due to compressional force acting at

the plate boundary between the Arabian and African

plates. The principal axes of strains show a good

correlation with the SHmax directions obtained from

earthquake focal mechanisms and borehole break-

outs. Badawy (,**+) used earthquake focal mecha-

nisms and borehole breakouts in Egypt, and com-

piled a stress field for Egypt including the region

under study. His results show dominant NW-SE

compression in and around the Gulf of Suez. Along

the southern and central parts of the Dead Sea Fault

the direction is changing from NW-SE to NNW-SSE.

Mahmoud (,**-) also estimated the spatial distribu-

tion of the stress axes from the focal mechanisms of

moderate to large earthquakes. His results are simi-

lar to those of Badawy (,**+). In spite of the scatter

of seismic data and the uneven distribution of sam-

pling sites, the direction of contraction is in general

agreement with the strain rate field derived from

GPS (Fig. 3).

The recent seismicity of the Sinai Peninsula proves

that most of its activity is inter-plate rather than

intra-plate (Fig. -), so we can define Sinai as a sepa-

rate sub-plate, as it shows more rigid behavior. The

sub-plate can deform in its interior only if the force

distribution varies laterally along boundaries, but

this deformation might occur as a result of aseismic

or seismic movements. Previous studies in this area

(e.g., Riguzzi et al., +333 ; Piersanti et al., ,**+) attrib-

ute the internal low gradient deformation inside Si-

nai to aseismic movements, which reflects the low

seismicity inside Sinai micro-plate. This agrees with

the strains patterns obtained in the present study.

Ben-Menahem et al. (+310) and Salamon et al. (+330)

considered the Sinai Peninsula to be a sub-plate

(splinter) of the African plate, which is breaking up

incoherently as it approaches the collision zone with

the Eurasian plate.

To define Sinai boundaries, earthquake activity

and tectonic setting of the Aqaba-Levant Fault trend

prove that this major trend represents the eastern

margin of Sinai sub-plate. Some authors (e.g. McKen-

zie, +31*, +31, ; Kempler and Ben-Avraham, +321 ;

Kempler and Garfunkel, +33+), consider the Cyprian

Arc zone of convergence to be a boundary separating

the Sinai sub-plate from the Anatolian plate. The

western boundary of the Sinai sub-plate is not de-

fined well as there is no tectonic (Garfunkel and

Bartov, +311), morphologic, or seismic (Salamon et al.,

+330) evidence for the northward continuation of the

Suez Rift toward the Cyprian Arc. Mascle et al. (,***)

defined an active fault belt that might correspond to

an o#shore extension of the Suez Rift, and suggested

that this belt represents the western boundary of the

Sinai sub-plate. Recently, Bosworth and McClay

(,**+) suggested it was a continuation of the Suez

Rift northward, via a regional left-stepping relay

beneath the Nile Delta. The focal mechanisms of the

+333 December ,2 sequence, northeast of Cairo (Ba-

dawy and Abdel Fattah, ,**+), of March +32. (Sala-

mon et al., ,**-) support this suggestion of Bosworth

and McClay (,**+).

Badawy and Horvath (+333) suggested a kine-

matic model of the Sinai sub-plate region on the basis

of earthquake distribution, satellite images, geologi-

cal information, and previous discussions. Accord-

ing to this model the Sinai region is considered to be

a sub-plate that is partially separated from the Afri-

can plate by the Suez rift. The earthquake activity in

the Gulf of Suez and Gulf of Aqaba regions is a direct

consequence of the relative motions of African plate,

GPS Derived Velocity and Crustal Strain Field in Suez-Sinai Area, Egypt

� 83 �



Sinai, and Arabia. The Sinai sub-plate got its present

configuration from the Late Miocene when motion

jumped from the Suez rift to the Aqaba-Dead Sea

transform fault system. The model proposed by

Badawy and Horvath (+333) suggests that the Dead

Sea Fault adapts to the relative motion between the

Sinai and Arabia, and continues to the north. The

earthquake distribution shows that the southern seg-

ment of the Dead Sea Fault runs NW to the Mediter-

ranean (Roum fault) south of Beirut (Lebanon). Dur-

ing this phase of motion (+* Ma) the total displace-

ment is about 1, km with a slip rate of 1., mm/yr.

The displacement along the active branch of the

Dead Sea strike-slip fault was resolved by the Syrian

arc system. Their model actually o#ers an alternate

view of the formation of the northern segment of the

Dead Sea Fault system. The northward propagation

of the Dead Sea Fault system in Lebanon and Syria,

(northern segment) started only from Pliocene. This

phase occurred during the last / Ma since Pliocene by

the same rate of 1., mm/yr. Therefore, the total

displacement along it should be only -/ km. This

assumption solves one of the major di$culties relat-

ing to the Dead Sea Fault system, which is the di#e-

rence in the total displacement along the southern

and northern segments. Their model predicts a nor-

mal extensional motion in the Gulf of Suez with a

minor left-lateral strike-slip component. The present

study clearly shows the opening of the Gulf of Suez.

This is consistent with Badawy and Horvath (+333)’s

model.

Although I believe that it is not possible to draw

an exhaustive geodynamical conclusion from these

limited GPS surveys, I emphasize that our results are

consistent with the extensional motion at the Gulf of

Suez, as inferred from geological and seismological

investigations. On the other hand, the lack of GPS

data on the Arabian Peninsula makes the discussion

along the Gulf of Aqaba incomplete.

More repeated analyses with longer time inter-

vals are required to clarify whether or not detectable

deformation in the area is due to seismic or even

aseismic deformation. On the other hand, to add to

our knowledge of the kinematics of this region it

would be useful to have data from additional GPS

sites located on the Arabian Peninsula. Finally, as

mentioned earlier, monitoring variations of crustal

strains in space and time in such an active tectonic

region is the key to understanding the physical

process in the crust, and to forecasting crustal activ-

ity. A dense array of continuous GPS tracking net-

works supplemented by a dense seismic network

could provide us with an ideal tool to achieve this.

For this purpose the National Research Institute of

Astronomy and Geophysics (NRIAG), Egypt, has in-

stalled a modern seismic network, and is planning to

establish dense arrays of continuous GPS tracking

networks in Egypt.

1. Conclusion

GAMIT and GLOBK software packages have

been used to analyze GPS measurements in the west-

ern coast of Gulf of Suez and the southern part of

Sinai Peninsula, Egypt. Velocity vectors obtained in

ITRF,*** indicate that the magnitude of the horizon-

tal velocity is in the range of ,3�-/ mm/yr with an

average of -+., mm/yr at N0*�E. The associated

errors are about ,.* mm and +.* mm in the east and

north components, respectively. I first applied the

least-squares prediction method to segregate signal

and noise from velocity vectors. Estimated horizon-

tal signals (horizontal displacement rates) were then

di#erentiated in space to calculate the principal com-

ponents of strains. Dilatations, maximum shear

strains, and principal axes of strains clearly portray

the tectonic environments of the Sinai area. (+) Dila-

tational strains indicate that the area under study

can be divided into two regions : the eastern region

along the Aqaba Gulf where compression strain is

predominant and the western region along the Gulf

of Suez where extensive areal strain prevails. (,)

Maximum shear strains show a good agreement with

the distribution of seismicity in the area. (-) Princi-

pal axes of the strains indicate that the Gulf of Suez

is under the influence of extensional forces acting in

the NE-SW direction. Moreover, the principal axes of

strains correlate with the directions of compressional

axes of stresses obtained from earthquake focal

mechanisms and borehole breakouts.
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