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[1] We study the surface deformation associated with the 21 May 2003 (Mw = 6.8)
Zemmouri (Algeria) earthquake, the strongest seismic event felt in the Algiers region
since 1716. The thrust earthquake mechanism and related surface deformation revealed
an average 0.50 m coastal uplift along �55-km-long coastline. We obtain coseismic
interferograms using Envisat advanced synthetic aperture radar (ASAR) (IS2) and
RADARSAT standard beam (ST4) data from both the ascending and descending orbits of
Envisat satellite, whereas the RADARSAT data proved useful only in the descending
mode. While the two RADARSAT interferograms cover the earthquake area, Envisat data
cover only the western half of the rupture zone. Although the interferometric synthetic
aperture radar (InSAR) coherence in the epicenter area is poor, deformation fringes are
observed along the coast in different patches. In the Boumerdes area, the maximum
coseismic deformation is indicated by the high gradient of fringes visible in all
interferograms in agreement with field measurements (tape, differential GPS, leveling,
and GPS). To constrain the earthquake rupture parameters, we model the interferograms
and uplift measurements using elastic dislocations on triangular fault patches in an
elastic and homogeneous half-space. We invert the coseismic slip using first, a planar
surface and second, a curved fault, both constructed from triangular elements using
Poly3Dinv program that uses a damped least square minimization. The best fit of
InSAR, coastal uplift, and GPS data corresponds to a 65-km-long fault rupture dipping
40� to 50� SE, located at 8 to 13 km offshore with a change in strike west of Boumerdes
from N60�–65� to N95�–105�. The inferred rupture geometry at depth correlates well
with the seismological results and may have critical implications for the seismic
hazard assessment of the Algiers region.

Citation: Belabbès, S., C. Wicks, Z. Çakir, and M. Meghraoui (2009), Rupture parameters of the 2003 Zemmouri (Mw 6.8), Algeria,

earthquake from joint inversion of interferometric synthetic aperture radar, coastal uplift, and GPS, J. Geophys. Res., 114, B03406,

doi:10.1029/2008JB005912.

1. Introduction

[2] The thrust and fold system of the Tell Atlas (northern
Algeria) has been the site of several large and moderate
earthquakes in the last decades (Table 1). This shallow
seismic activity was very often associated with surface
faulting, the conspicuous example being the El Asnam
thrust faulting and related 1980, Mw 7.3 major event [Philip
and Meghraoui, 1983; Yielding et al., 1989]. The thrust
mechanism (global centroid moment tensor (CMT)) of the
Mw 6.8, 2003 Zemmouri earthquake which occurred in the
Tell Atlas tectonic belt, confirms the pattern of active
deformation that predicts 4–6 mm/a of convergence along

the Africa-Eurasia plate boundary (Figure 1a) [Meghraoui
et al., 1996; Nocquet and Calais, 2004; Serpelloni et al.,
2007]. Its coastal location hindered, however, the direct
observation of surface ruptures and has left open questions
on the probable fault scarp location, structural character-
istics and geometry of the causative fault [Meghraoui et al.,
2004; Déverchère et al., 2005].
[3] The 2003 Zemmouri earthquake (also called some-

times the Boumerdes earthquake) affected the eastern edge of
the Mitidja Quaternary basin (Figure 1b), and was respon-
sible for severe damage �20 km east of the capital city
Algiers [Ayadi et al., 2003; Harbi et al., 2007]. The NE-
SW striking fault is consistent with the Tell Atlas fold and
thrust tectonics, the uplifted 55-km-long coastal shoreline
[Meghraoui et al., 2004], the �40� SE dipping aftershocks
[Ayadi et al., 2008] and the inversion of body waves
[Delouis et al., 2004; Yagi, 2003]. A detailed bathymetric
survey and seismic profiles offshore describe the morpho-
logical and structural features in the Mediterranean Sea
[Domzig et al., 2006]. A downdip model of uniform slip

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 114, B03406, doi:10.1029/2008JB005912, 2009

1Institut de Physique du Globe de Strasbourg, UMR 7516, Strasbourg,
France.

2U.S. Geological Survey, Menlo Park, California, USA.
3Faculty of Mines, Istanbul Technical University, Istanbul, Turkey.

Copyright 2009 by the American Geophysical Union.
0148-0227/09/2008JB005912$09.00

B03406 1 of 16



on a rectangular dislocation deduced from direct measure-
ments of coastal uplift (using differential GPS (DGPS) and
conventional leveling [Meghraoui et al., 2004]) is consis-
tent with the slip distribution at depth inferred from the
inversion of seismic and geodetic data [Delouis et al.,
2004]. These models of seismic source include surface slip
and comply with the observed tsunami effects and related
tide gauge records in the western Mediterranean Sea [Alasset
et al., 2006].
[4] The analysis of SAR images and related interfero-

grams in the last decade has led to a significant progress in
the understanding of earthquake deformation [Massonnet
and Feigl, 1998; Bürgmann et al., 2000; Wright et al.,
2004]. The phase interference of spaceborne radar images
has the outstanding advantage to locate and display the field
displacement of large sections of any earthquake area,
providing that an appropriate coherence level exists be-
tween SAR images. The generation of SAR interferograms
is therefore particularly important in thrust and fold systems
with complex surface deformation (seismic and aseismic)
[Fielding et al., 2004] as it may lead to a better seismic
hazard assessment. The application of interferometric syn-
thetic aperture radar (InSAR) in active zones of North
Africa has been recently performed for the Mw 5.7, 1999
Ain Temouchent blind thrust earthquake [Belabbes et al.,

2008] and for the Mw 6.0, 1994 and Mw 6.4, 2004 Al
Hoceima earthquakes which revealed the existence of blind
and conjugate seismic ruptures in the Rif Mountain belt
[Cakir et al., 2006; Akoglu et al., 2006] (Figure 1a). The
coastal location of the Zemmouri earthquake is not an ideal
configuration for producing interferograms since most of
the earthquake deformation occurred offshore. Neverthe-
less, the impressive coastal uplift and epicenter location
imply that significant surface deformation took place inland
as well and can be studied using SAR images.
[5] In this paper, we first present the seismotectonic

characteristics of the Zemmouri earthquake and provide a
detailed study of interferograms obtained from RADAR-
SAT and Envisat images. The InSAR data document the
measurements of displacement field in the earthquake area
in agreement with previous studies of coastal uplift. Mod-
eling of the InSAR data set together with the uplift and GPS
measurements allow us to deduce the fault parameters and
associated coseismic slip distribution. Finally, open ques-
tions on the earthquake fault geometry and the importance
of InSAR analysis are discussed emphasizing the constraint
of a hidden seismogenic thrust rupture with coastal geodetic,
tectonic and seismologic data.

2. Seismotectonic Setting

[6] The Tell Atlas of northern Algeria experienced the
largest recorded earthquake at El Asnam (10 October 1980,
Mw 7.3) related to a NE-SW trending reverse fault [Ouyed et
al., 1981; Philip and Meghraoui, 1983]. Other recent large
and moderate seismic events of this region (Figures 1a and
1b and Table 1), including the Zemmouri earthquake of
2003 revealed a comparable pattern of active deformation in
agreement with the NNW-SSE to NW-SE convergence and
transpressive tectonics along the Africa-Eurasia plate
boundary [Meghraoui et al., 1996; Stich et al., 2003]. These
seismogenic structures of the Tell Atlas are related to a

Table 1. Large and Moderate Earthquakes With Thrust Mechan-

ism Along the Tell Atlas

Location Date Longitude (deg) Latitude (deg) Mw

Orléansville 9 Sep 1954 1.47 36.28 6.7
El Asnam 10 Oct 1980 1.36 36.18 7.3
Tipaza 29 Oct 1989 2.92 36.84 5.9
Mascara 18 Aug 1994 �0.03 35.40 5.7
Ain Temouchent 22 Dec 1999 �1.45 35.34 5.7
Beni Ourtilane 10 Nov 2000 4.69 36.71 5.7
Zemmouri 21 May 2003 3.65 36.83 6.8

Figure 1a. Shaded relief map of eastern Mediterranean with focal mechanism solutions of earthquakes
between 1980 and 2005 (data from Global CMT catalog). Gray mechanism corresponds to the 2003
Zemmouri earthquake. The gray line represents the plate boundary according to Meghraoui et al. [1996].
Black arrows are direction of convergence, and the number is plate velocity in mm/a [Nocquet and
Calais, 2004]. The squared area is for Figure 1b.
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complex ‘‘en echelon’’ thrust and fold system located along
an E-W trending narrow strip parallel to the coastline. The
late Quaternary active deformation that indicates a rate of 2
to 3 mm/a. for compressive movements estimated from the
shortening of folded units and paleoseismic investigations
[Meghraoui and Doumaz, 1996], is comparable to the 4 to
6 mm/a. convergence rate obtained from NUVEL-1A and
global GPS solutions along the plate boundary [Nocquet
and Calais, 2004; Serpelloni et al., 2007].
[7] The 2003 Zemmouri earthquake affected �55-km-

long coastline and �15-km-thick uppermost crustal struc-
ture that belongs to the eastern regions of the Mitidja Basin
and related Blida thrust and fold system [Ayadi et al., 2008].
A detailed study of the main shock relocation [Bounif et al.,
2004] and aftershock distribution (that covers 2 months)
using the tomography analysis reveals a NE-SW trending
and 40�SE dipping fault zone with two seismicity patches
[Ayadi et al., 2008]. The double difference seismic analysis
shows a large concentration of aftershocks and depth
distribution SW of the fault rupture and indicates a SE
dipping thrust geometry in agreement with the centroid
moment tensor (CMT) solution (Figure 2 and Table 2)
[Ayadi et al., 2008]. Using an analysis of body waves and
surface waves of teleseismic records, Delouis et al. [2004]
found 2.86 � 1019 N m seismic moment and a �15 s fault

rupture with �1 m surface slip, and 2.1 m maximum slip at
depth with bilateral rupture propagation along two patches
(Table 2). Yagi [2003] also constructed source models from
body wave inversion and obtained similar results pointing
out the bilateral rupture propagation on a 60-km-long fault
with 2 patches and 2.3 m maximum slip at depth (Table 2).
The inversion of geodetic data (coastal uplift and GPS) and
accelerograms also points out the two patches with up to 1 m
surface slip SW of the earthquake rupture [Semmane et al.,
2005]. According to the fault geometry, seismic moment,
main shock location at depth and field observations, the
earthquake fault did not rupture the surface along the
coastline but likely offshore at the seafloor. Detailed field
investigations made immediately after the main shock indi-
cate, however, the existence of 2- to 3-km-long N95�–100�
trending surface cracks observed along the Thenia fault
(Figure 1b).
[8] Coseismic uplift of marine terraces along the 55-km-

long coastline (Figure 3) combined with GPS and conven-
tional leveling indicate an average of 0.55 m vertical
movement with two slip patches from which a SE dipping
planar dislocation model is resolved with 2.8 � 1019 N m
geodetic moment [Meghraoui et al., 2004]. Although based
on a 60-km-long and 15-km-wide simple rectangular dislo-
cation, the model suggests a seismogenic thrust rupture

Figure 1b. Envisat/RADARSAT radar frames (dashed rectangles) with arrows indicating the satellite
flight direction for ascending and descending orbits of the 21 May 2003 Zemmouri earthquake area. Red,
black, and blue arrows indicate flight direction for satellites. The red star indicates the earthquake
epicenter location [Bounif et al., 2004], and focal mechanisms are from the Global CMT solution between
1980 and 2003 (size of beach balls is according to magnitude and red mechanism is for the Zemmouri
earthquake). Black lines indicate active thrust faults, and dashed arrowed lines indicate active folding and
west of the 2003 epicenter TF is for Thenia Fault [Meghraoui, 1988].

B03406 BELABBÈS ET AL.: INSAR OF THE ZEMMOURI EARTHQUAKE

3 of 16

B03406



dipping 50� SE consistent with the seismological results
(Table 2). The coastal deformation and rupture history
associated with the aftershock distribution (Figure 2), show-
ing a clear concentration of seismic events on the SW patch
suggest, however, a complex fault rupture likely made of
several asperities along strike. Early results from geodetic
measurements (coastal uplift and GPS) and seismicity
analysis [Bounif et al., 2004; Meghraoui et al., 2004;
Delouis et al., 2004; Yelles et al., 2004; Semmane et al.,
2005; Alasset et al., 2006] imply the existence of a N54�–
N70� striking and 40� to 50� SE dipping fault plane with
surface slip at 5 to 15 km offshore. From the high-resolution
swath bathymetry and seismic profiles Déverchère et al.
[2005] study the seafloor of the continental slope offshore
the 2003 earthquake area, identify outcropping thrust fault
and scarps located at �20 and 32 km from the shoreline and
infer a flat and ramp rupture geometry. The moment tensor
analysis obtained from broadband seismic records yields a

25� SE dipping rupture (Table 2) that suggests a fault
surface trace at 15 to 20 km offshore limited to the SW
by a NNE trending transform fault and forms a step over
with the Blida thrust system [Braunmiller and Bernardi,
2005].

3. The InSAR Analysis

[9] We have calculated four coseismic interferograms,
one ascending and three descending, using synthetic aperture
radar (SAR) data acquired by the Canadian Space Agency’s
RADARSAT satellite and European Space Agency’s Envisat
satellite (Table 3). The raw data were processed using the
commercial GAMMA software with 5 azimuth 1 range look
(i.e., averaged to 20� 20 m of ground pixel size) and filtered
using weighted power spectrum technique of Goldstein and
Werner [1998]. The effect of topography that depends on
the perpendicular separation between orbital trajectories is

Figure 2. The 21 May 2003 Zemmouri earthquake (black star, Mw 6.8) and aftershock distribution
(white circles) of seismic events from 25 May to 31 July 2003 [Ayadi et al., 2008]. The main shock and
main aftershocks (black circles) are relocated using the double difference seismic analysis of Bounif et al.
[2004]. Focal mechanism solutions are Global CMT.

Table 2. Fault Plane Parameters of the 21 May 2003 Zemmouri Earthquake

Source
Longitude
(deg)

Latitude
(deg)

Depth
(km)

Plane 1a Plane 2

M0 (N m)
Strike
(deg)

Dip
(deg)

Rake
(deg)

Strike
(deg)

Dip
(deg)

Rake
(deg)

HRV 3.58 36.93 15 57 44 71 262 49 107 2.01 � 1019

USGS 3.78 36.89 9 54 47 88 237 43 92 1.30 � 1019

INGV 3.61 36.9 15 65 27 86 250 63 92 1.80 � 1019

Yagi [2003] 3.65b 36.83b - 54 47 86 - - - 2.40 � 1019

Delouis et al. [2004] 3.65b 36.83b - 70 40 95 - - - 2.80 � 1019

Meghraoui et al. [2004] 3.65b 36.83b - 54 50 88 - - - 2.75 � 1019

Braunmiller and Bernardi [2005] 3.65b 36.83b - 62 25 82 - - - 3.48 � 1019

This study planar model 3.65b 36.83b 8 65 40 90 - - - 1.78 � 1019

This study curved model 3.65b 36.83b 10 65 40 90 - - - 2.15 � 1019

aPlane 1 is the principal fault according to field observations.
bEpicenter relocation by Bounif et al. [2004].
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removed from the interferograms using the SRTM 3-arc-sec
(�90 m) posting digital elevation model [Farr et al., 2007].
Envisat interferograms were obtained using precise orbits
from Delft University [Scharroo and Visser, 1998] while for
RADARSAT interferograms orbital information are from
the data header.
[10] Baselines for Envisat data were not reestimated

because there are no orbital residuals visible farther south
of the earthquake area where there is supposedly no surface
deformation. The available RADARSAT orbits are impre-
cise and processing them leaves orbital errors. Therefore,
we have modeled the orbital residuals with a 2-D quadratic
surface and subtracted it from the interferograms [Zebker et
al., 1994].
[11] While the descending RADARSAT frame covers

entirely the uplifted coastal region from Cap Matifou to
the west and Tighzirt to the east, both the ascending and
descending Envisat frames cover only the western part of
the earthquake area (Figure 1b). Despite the atmospheric
noise and low coherence particularly in the epicentral area,
the interferograms display clear coseismic fringes all along
the coast (Figure 4). The poor coherence in the epicentral

region exists in all the interferograms and is most likely due
to the high agricultural activity along the Oued Isser River.
Signal decorrelation in the Envisat interferograms also occurs
to the south in the mountainous regions due to the low
altitude of ambiguity of the interferometric pairs (Table 3).
Because of the significant change in the look direction
(Table 4), the interferograms naturally differ from each
other. However, the difference is not remarkable since the
deformation is overwhelmingly vertical, which can also be
seen in Figures 4e, 4f, and 4g that show digitized fringes of
all interferograms. The difference in the fringe pattern
between the interferograms is mostly due to the horizontal
component of the surface displacement. RADARSAT
interferograms indicate that there are two lobes of defor-
mation centered in the Boumerdes and Cap Djenet regions
with the earthquake epicenter being located in the area of
lower deformation in between them (Figures 4a and 4b).
All interferograms indicate that the maximum surface
deformation occurred indeed in the Zemmouri-Boumerdes
region, confirming the field measurement of the coastal
uplift [Meghraoui et al., 2004]. In this region, up to 14
fringes can be counted in the RADARSAT interferograms

Figure 3. Coastal uplift at 6 km west of Dellys (Figure 1b). The photograph shows the elevated marine
terrace and platform (black arrow is the former shoreline and white arrow is the new shoreline) with an
average 0.55 m of uplift [Meghraoui et al., 2004].

Table 3. Characteristics of SAR Images Covering the 2003 Zemmouri Earthquake Area

Satellite Beam Mode Master Orbit Master Date Slave Orbit Slave Date Trajectory
Altitude of

Ambiguity (m) B perp (m)

RADARSAT1 ST4 35996 27 Sep 2002 40798 29 Aug 2003 Descending 1358 12
RADARSAT1 ST4 35996 27 Sep 2002 41141 22 Sep 2003 Descending 84 194
Envisat IS2 4900 6 Feb 2003 6904 26 Jun 2003 Descending 22 238
Envisat IS2 5308 6 Mar 2003 7312 24 Jul 2003 Ascending 40 419
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Figure 4
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(Figures 4a and 4b) and 16 fringes in the Envisat interfero-
grams (Figures 4c and 4d). Assuming purely vertical
deformation, these line-of-sight (LOS) displacements corre-
spond approximately to 0.50 m of uplift since the Envisat
interferograms are more sensitive to vertical deformation
than the RADARSAT interferograms. Captured only by the
RADARSAT interferograms, the LOS displacement in the
Cap Djenet region reaches to �0.25 m (i.e., 9 fringes).
[12] An examination of interferograms reveals some

anomalies in the fringe pattern of the Cap Matifou region
(black arrows in Figure 4). Fringes are clearly disturbed,
offset and inverted along a lineament that coincides with the
Thenia fault. This implies that the Thenia fault must have
experienced some triggered slip during or after the main
shock, a phenomenon commonly observed due to large
earthquakes [Fialko et al., 2002].

4. Modeling the InSAR Data

[13] We used the Poly3Dinv slip inversion method to
model geodetic data using realistic fault surfaces (see also
maps in Figures 5a and 5b) [Thomas, 1993; Maerten et al.,
2005]. The method is based on the analytical solution for a
triangular dislocation in a linear, elastic, homogeneous and
isotropic half-space, which uses triangular surfaces as dis-
continuities [Maerten et al., 2005]. Hence, the use of
triangular elements allowed us to construct fault models
that better approximate two-dimensional planar surfaces,
avoiding gaps and overlaps that are inevitably encountered
when modeling highly segmented faults of varying strike
with simple rectangular dislocations. This method improves
the fit to the geodetic data particularly in the near field when
modeling complicated fault ruptures [Maerten et al., 2005;
Resor et al., 2005]. Fault surfaces meshed with triangles
were constructed using MATLAB1. We meshed the planar
offshore fault with 6 � 5 quadrangles (i.e., 60 triangles) and
2 � 1 quadrangles for the Thenia fault. The slip distribution
of the triangle elements was then inverted for, with a
negativity constraint on the dip slip component (i.e., thrust
only, 90� rake). To avoid unphysical oscillatory slip, the
scale-dependent umbrella smoothing operator of Poly3Dinv
is applied to the inverted slip distribution. We choose the
smoothing factor based on the RMS misfit versus roughness

curve; this selected factor (i.e., 0.4) represents the best
compromise between the roughness of slip and misfit to
the data (Figures 5a and 5b). In our inversions, we use
digitized fringes because some of them cannot be unwrapped
due to noise and unwrapping errors. In this case, the residual
interferograms are obtained by a multiplication in the
complex domain of the data and the synthetic interferograms.
On the basis of the fringe gradient, the southernmost fringe
in the isolated patch located near Cap Djenet (Figure 4e) is
assumed to be the third fringe (i.e., 8.49 cm) and the large
curved fringe southeast of Boumerdes (Figure 4f) is as-
sumed to be the first fringe (i.e., 2.83 cm). A constant offset
in the InSAR data is not solved as we think it is negligible
since one may observe to the south areas of nominal
deformation.
[14] In order to constrain the location and geometry of the

fault rupture, we run several inversions using digitized
fringes (Figures 4e, 4f, and 4g), coastal uplift measurements
[Meghraoui et al., 2004] and coseismic GPS vectors [Yelles
et al., 2004]. The InSAR, coastal uplift and GPS data were
treated as equally weighted in all inversions. The Poisson
ratio in the elastic half-space is given as 0.25. A tilt for
orbital residuals is solved by the Poly3D inversion but
found to be insignificant. Several attempts with no con-
straints on the fault rake are performed but the inversion
predicts abnormally high strike-slip (both right and left
lateral) components. Therefore, we keep the N60�–65�
strike and rake as pure thrust (90�) fixed and test several
fault plane dips (20�–60�) in agreement with most of focal
mechanism parameters of the 2003 main shock (Table 2). In
the absence of any observed seafloor rupture and related
SAR data, no surface slip on the uppermost patches is
allowed in the inversions. However, it is possible that
some slip reached the seafloor, but neither the SAR data
nor the uplift measurements can resolve it. Taking into
account the surface deformation and seismotectonic frame-
work of the epicentral area, we suggest the following two
slip models:
[15] 1. A variable slip model is obtained using inversions

with various planar faults striking N65� and dipping 30�,
40�, and 50� SE located from 6 km to 24 km offshore
(Figure 5a). The best fitting model (RMS = 2.69 cm) is
obtained with 60-km-long and 30-km-wide offshore thrust
fault (i.e., fault 4 in Figure 5a) striking N65�, dipping 30� to
40� SE and located at �13 km offshore from the epicenter
(Figures 5a and 6a). However, as illustrated in the RMS
versus distance plot of Figure 5a, the fault tip location is not
tightly constrained and could be anywhere between 9 to
18 km from the shoreline. The best fitting model predicts a
coseismic slip distribution at �8- to 10-km-depth on the

Figure 4. Coseismic interferograms of the western deformation zone of the 2003 Zemmouri earthquake area in (a and b)
the descending RADARSAT geometry and (c and d) ascending and descending Envisat radar geometry; the image
reference (date and orbit numbers) is in the top right corner. Black arrows indicate the satellite flight direction. Star shows
the 2003 Zemmouri earthquake epicenter [Bounif et al., 2004]. (e, f, and g) Digitized fringes labeled with displacement (in
cm) in the line-of-sight (LOS) direction for each interferogram (Figure 4e with 4b, Figure 4f with 4c, and Figure 4g with
4d). (h) baselines with altitudes of ambiguity in m (in black box) for each pair of SAR images with orbit numbers. Fringes
are observed in all interferograms with 2 lobes of high deformation centered in Boumerdes and Cap Djenet region. N105�
trending black arrows near Cap Matifou show the anomalies observed in the fringe pattern along the Thenia Fault
(Figure 1b). The western earthquake area between Cap Matifou and Zemmouri shows several fringes that correspond to the
zone of maximum deformation.

Table 4. Unit Vectors of SAR Scenes

Satellite Flight Direction East North Up

RADARSAT Descending 0.59339 �0.10980 0.79739
Envisat Descending 0.37188 �0.07946 0.92487
Envisat Ascending �0.38526 �0.08173 0.91918
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fault and shows two linked asperities reaching 4.7 m and
�3 m maximum slip in the NE and SW patches, respec-
tively, and 1.78 � 1019 N m (Mw 6.8) geodetic moment.
Additionally, offset fringes observed along the Thenia Fault

(TF in Figure 1b) in Cap Matifou are modeled in a forward
manner with a 0.38 m slip on a �20-km-long subvertical
right-lateral fault as the inversions fail to explain the
disturbed fringes (Figure 4).

Figure 5
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[16] 2. The alternative model takes into account the com-
plicated fringe distribution west of Boumerdes (Figures 4a,
4b, 4c, and 4d) and also includes the inversion of coseismic
slip on regularly spaced faults (�2 km) from 4 to 20 km
offshore (Figure 5b). To the NE, faults are planar with an
azimuth of N60–65�, consistent with the aftershocks dis-
tribution [Ayadi et al., 2008] and focal mechanism solutions
of the main shock (Table 2). The SW fault section is
modeled according to the N95�–105� trending aftershocks
and related tomography [Ayadi et al., 2008] where the main
NE-SW trending earthquake rupture cannot crosscut the
continuous fringes visible particularly in the ascending
Envisat interferogram west of Boumerdes (Figure 4c). This
change in fault strike may be modeled as a curved fault. The
slip on each fault is inverted for dips 20�, 30�, 40�, 50� and
60� SE using the same InSAR, GPS, and coastal uplift data.
As shown in Figure 5b, the inversion results suggest that the
minimum RMS misfits improve the fault location between
8 and 13 km offshore. The lowest 2.67 cm RMS error
indicates that the fault rupture is most probably located

between 8 and 9 km offshore (from the epicenter) for a fault
dipping 40� and 50� SE. The RMS misfit plot also shows
minimum values (2.77 cm, 2.81 cm) for 30� SE dipping
fault at 11 km offshore and for 20�, 30�, 40�, and 50� at 13 km
offshore (Figure 5b). Taking into account the 40� to 50� SE
fault dip of most focal mechanism solutions (Table 2) and
the 40� SE dipping fault geometry from aftershocks tomog-
raphy analysis [Ayadi et al., 2008], we select fault 3 in
Figure 5b with 40� to 50� SE dip as our preferred solution.
The fault is here a 65-km-long and 30-km-wide offshore
thrust fault striking N65� and dipping 40� SE, to the nearly
vertical and �N102� trending rupture SW of the epicenter
(Figure 5b). Two distinct slip patches yield 2.15 � 1019 N m
(Mw 6.8) geodetic moment with �0.5 m slip reaching the
seafloor (Figure 6b). Additionally, offset fringes observed in
Cap Matifou (Figures 4a, 4b, 4c, and 4d) may be explained
by 0.15 m triggered slip on the 20-km-long subvertical
right-lateral secondary Thenia fault (Figure 1b).
[17] Figure 7 shows the synthetic interferograms pre-

dicted by the best fitting models with planar (Figures 7a–

Figure 5. (a) Map of the different planar fault tip positions (1 to 8) used for the inversions. The white star represents the
main shock epicenter [Bounif et al., 2004] and the reference point for distance calculation. Note that fault 4 (white dashed
line) represents in this case the preferred fault model taking into account the lowest RMS misfit (right inset). The right
inset shows the RMS error versus distance from the epicenter for different faults (1 to 8) with various dips (30�, 40� and
50�). The arrow shows the preferred solution at �13 km. The left inset shows the model roughness versus the RMS misfit,
the corresponding smoothing factor for each model roughness is indicated on the right axis. (b) Map of different curved
fault tip positions (dashed lines) used for the inversion with various dips (20�, 30�, 40�, 50� and 60�). The lowest RMS
error is calculated for the 40� and 50� curved fault at �9 km (white dashed line 3) from the epicenter and represents our
preferred model. The right inset shows the RMS misfit versus the model roughness with 0.4 corresponding smoothing
factor.

Figure 6. (a) Slip distribution model of preferred planar fault (4 in Figure 5a) of the Zemmouri
earthquake rupture obtained from the inversion of the digitized fringes and coastal uplift data. Dip
component of the coseismic slip on each triangular element are inverted using Poly3Dinv. Dip-slip
distribution (4.7 m maximum from colored contours on fault surfaces) shows two linked maximum of
slip on the N65� trending and 60-km-long major fault rupture. (b) Slip distribution of the preferred curved
fault model striking N60� (�65 km) to N102� (�13 km) on the western part. The curved fault model is
constructed with Poly3D in order to match the two fault planes with different strikes. Dip-slip distribution
(2.1 m maximum from colored contours) with two distinct maximum slips reaching the seafloor north of
Boumerdes and Cap Djenet.
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Figure 7
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7c) and curved (Figures 7d–7f) faults, together with the
observed fringes (black lines) for comparison. The main
features of the observed interferograms are successfully
reproduced by the best fit models also illustrated by the
LOS profiles (Figure 7). The modeled interferograms also
show the difference of surface displacement field (synthetic
fringes) with respect to the offshore fault location and
dimensions. We also note that the inferred horizontal
displacement at the SW end of the planar fault model
(Figure 7a) displays a better fit with the coseismic GPS
measurements [Yelles et al., 2004]. A comparison between
vertical movements obtained from field measurements
(coastal uplift and leveling) and the inversion models
indicates that the curved fault model provides a much better
fit (Figures 8a and 8b). On the other hand, the vertical
displacement predicted by the model in Figures 8a and 8b is
in good agreement and within the error range (±0.10 m) of
the uplift measurements [Meghraoui et al., 2004]. The
comparison in Figure 8 also shows that the easternmost
modeled uplifts are underestimated for the planar fault
model. The inferred geodetic moments of 1.78 � 1019 N m
(Mw 6.8) and 2.15 � 1019 N m (Mw 6.8) determined from
the inversion models are, however, comparable and in good
agreement with those obtained from seismological observa-
tions (Table 2). The remaining fringes in the residual
interferograms of Figures 9a, 9b, 9c, 9d, 9e, and 9f and in
particular for RADARSAT may result from atmospheric
artifacts and unaccounted complexity of the rupture geom-

etry, especially around the western termination of the
earthquake rupture where the Blida, Thenia and Zemmouri
faults meet (Figure 1b).

5. Discussion and Conclusion: Constraints of a
Hidden Thrust by InSAR Along a Coastal Area

[18] The crustal deformation associated with the coastal
2003 Zemmouri earthquake is documented using the InSAR
analysis combined with uplift measurements and GPS data.
The surface displacements obtained by the InSAR, coastal
uplift and GPS measurements on a maximum of 20-km-
wide strip along the coastline helped us to constrain the
rupture geometry and its location offshore. The fringes
observed on the Envisat and RADARSAT interferograms
of the earthquake area provide an important data set for the
modeling of the fault rupture. The two inversion models of
surface displacements provide geodetic moments of 1.78 �
1019 N m (Mw 6.8) and 2.15 � 1019 N m on a 30� to 50� SE
dipping fault rupture whose tip is located at �8 to 18 km
offshore from the coastal epicenter (Figures 5a and 5b). Our
modeling clearly suggests an offshore N60�–65� trending
fault rupture, dipping 40� to 50� SE and located at about 8 to
13 km from the coast (Figures 5 and 8). The seismic
moment, fault geometry and slip distribution are in good
agreement with the main shock and aftershock distribution
and teleseismic waveform modeling (Table 2) [Bounif et al.,
2004; Delouis et al., 2004; Ayadi et al., 2008].

Figure 7. Synthetic fringes obtained from the inversion of the digitized fringe lines (in black as in Figures 4e, 4f, and 4g)
obtained from Envisat ascending and descending, and (a, b, and c) RADARSAT descending for the planar fault and (d, e,
and f) curved fault. Dashed rectangle represents the modeled fault area. The fringe pattern is labeled with LOS displacement
in cm (white box). Numbered LOS profiles on maps are indicated below. The dotted black line to the west is the Thenia
fault. The red star is the relocated main shock epicenter [Bounif et al., 2004]. (left) The planar fault model predicts
horizontal surface slip (blue arrows) in agreement with GPS measurements (white arrows [Yelles et al., 2004]) except for
the northward vector immediately west of the epicenter. (right) The curved fault model also provides a good fit with the
GPS directions, but the amount of measured displacements is larger. The geodetic moment (top left corner) obtained from
inversion of InSAR, uplift, and GPS data is consistent with those obtained from seismology (Table 2).

Figure 8. Vertical component of surface displacement (contour lines in cm) predicted by the preferred
models for the (a) planar and (b) curved faults. Note that the curved fault solution better explains the
uplift measurements east of Cap Djenet.
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5.1. InSAR Resolution and Sensitivity

[19] Although atmospheric noise and low coherence in
RADARSAT images hampered the quality of interfero-
grams, coseismic fringes are still visible by patches in the
Boumerdes and Cap Djenet-Dellys areas (Figure 4). The
lack of information on surface deformation in interfero-
grams near the epicenter zone and areas of low coherence

led to some difficulties to recognize the nominal deforma-
tion. Nevertheless, field investigations of coastal uplift
measured with tape, leveling and DGPS [Meghraoui et
al., 2004] and GPS measurements [Yelles et al., 2004]
correlated with the fringe distribution contribute to better
resolve uncertainties of the surface deformation. Although
the InSAR data cover a period of �1 year for RADARSAT

Figure 9. Residual interferograms (a, b, and c) for planar fault model and (e, f, and g) for the curved
fault model obtained after subtracting the synthetic interferograms (Figure 7) from the observed data
(Figures 4a, 4b, 4c, and 4d). The residuals are negligible for Envisat interferograms but more significant
in the case of RADARSAT interferograms probably due to atmospheric artifacts and unaccounted
complexity of the rupture geometry. Reference of SAR images is in top left corner.
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and �4 months for Envisat (Table 2), the interferograms
reflect mainly the coseismic deformation. Indeed, postseis-
mic slip obtained from GPS measurements in the earth-
quake area indicates �1 cm/a between 2003 and 2006
[Mahsas et al., 2008] and do not add a significant displace-
ment in interferograms. The locally inverted fringes visible
in RADARSAT interferograms about 10 km WSW of
Boumerdes may be interpreted as a local artifact possibly
due to water pumping for agricultural purposes in the
Mitidja Quaternary basin. However, the consistent fringe
distribution in the SW end of the earthquake rupture zone
may include surface displacement due to the main after-
shocks of 27 May (Mw 5.8), 28 May (Mw 4.9), and 29 May
(Mw 5.0, Figure 2). In comparison with other case studies of
InSAR applied to small surface deformation [Lohman and
Simons, 2005; Belabbes et al., 2008], these moderate and
shallow main aftershocks may in fact generate 3 to 5 fringes
in addition to the main shock coseismic surface deformation.

5.2. Fault Geometry and Surface Deformation

[20] The integration of InSAR data with coastal uplift and
GPS results combined with the main shock and aftershock
study [Ayadi et al., 2008] constrains the 2003 earthquake
fault location, dimension and geometry at depth. The 2003
earthquake rupture is hidden by the sea and although the

surface deformation measured inland infers only a partial
picture of the fault rupture, our modeling suggest that the
fault rupture may have reached the seafloor �8 to 18 km
north of the epicenter (Figures 5a and 5b). However, the
lowest RMS errors (<2.7 cm) suggest surface faulting
between �8 and 13 km offshore from the epicenter on a
40� to 50� SE dipping fault rupture (Figures 5 and 10).
Using several fault dips, the RMS misfits of Figures 5a and
5b show a clear difference between the planar fault model
(Figure 5a) and the curved fault model (Figure 5b). Using
the tomographic analysis of the main shock and aftershocks
distribution, the N60�–65� trending and 40� to 50� SE
dipping rupture geometry illustrate the fault plane at depth
and related seafloor rupture at a distance <10 km offshore
(Figure 11) [Ayadi et al., 2008]. The fixed N54� strike and
�15 km distance of the fault rupture from the epicenter of
Semmane et al. [2005] imply that the NE fault section is at a
higher distance (>20 km) and do not conform with the
significant coastal uplift measured in the Cap Djenet-Dellys
region (Figure 3). The inversion of seismic waveforms
combined with geodetic data (coastal uplift and GPS) dis-
plays a 40� SE dipping with surface faulting and slip at �7
to 9 km distance from the epicenter [Delouis et al., 2004].
The forward modeling of coastal uplift measurements infer
a 50� SE dipping fault plane and locate a possible seafloor

Figure 10. Location and dimension of 2003 Zemmouri earthquake fault rupture from different models
and authors (see text for explanation). The red star is the relocated epicenter [Bounif et al., 2004], and the
aftershock distribution is from Ayadi et al. [2008]. The N105� trending dashed line south of Cap Matifou
corresponds to the nearly vertical Thenia fault. Our planar fault model (blue rectangle) and curved fault
model (black rectangles, see also Figures 5 and 6) comply with the InSAR, coastal uplift, and GPS data
and take into account the large coverage of InSAR data in the earthquake area.
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rupture at 5 to 10 km from the epicenter [Meghraoui et al.,
2004]. Hence, the joint analysis of geodetic and seismolog-
ical data constrains the SE dipping fault geometry and
rupture location of the 2003 Zemmouri earthquake. The
bathymetric survey coupled with seismic profiles offshore
(>15 km from the coastline) the earthquake area, locate two
outcropping thrusts and related scarps at �20 and 32 km
offshore and infer a flat and ramp fault geometry for the
2003 rupture [Déverchère et al., 2005]. In Figure 10, the
seafloor scarps located at the base of the continental slope
are scarps B1 and B2 interpreted by Déverchère et al.
[2005] as the prolongation of 2003 rupture; however, this
interpretation that implies a flat and ramp fault geometry
(Figure 11) do not take into account the coastal uplift data.
If scarps B1 and B2 located at �20 km from the epicenter
are directly related to the 2003 rupture, they imply a slip
propagating to the surface and a much higher seismic
moment (�Mw 7.3) for the Zemmouri earthquake. In fact,
sea bottom rupture scarps at � 15 km distance from the
coastline do not match an Mw 6.8 main shock and after-
shock location, related coastal uplift and fault models
obtained from geodetic data (see fault plane location in
Figures 6, 10, and 11).
[21] The SE dipping planar and curviplanar thrust fault

models shows two slip patches (Figures 6a and 6b) com-
parable to the size of thrust segments in the Tell Atlas
[Meghraoui, 1988] that are likely controlled by the tectonic
framework of the eastern Mitidja basin (Figure 1b). The

tectonic background determines the thrust length, strike and
dip that control the rupture patches and related size of thrust
segments during large and moderate earthquakes. Indeed,
surface ruptures of the large El Asnam earthquake (Table 1)
displayed 36-km-long thrust fault segment with 6 m max-
imum surface slip [Philip and Meghraoui, 1983]. The
maximum slip distribution in the two patches of the Zem-
mouri earthquake reaches 4.7 m and 2.3 m for the planar
and curved fault models, respectively, with surface slip
reaching �0.50 m in the latter. A comparable amount of
�1 m surface slip is also obtained by Delouis et al. [2004]
and Semmane et al. [2005].

5.3. Thenia Fault Branch

[22] To the SW, the 2003 earthquake rupture propagation
suggests a fault interaction and possible reactivation of
juxtaposed fault branches and segments that reflect the
complex rupture termination. The aftershock distribution
showing the WNW-ESE alignment from the tomographic
analysis [Ayadi et al., 2008] and the existence of surface
cracks along the Thenia fault suggested the idea of a curved
fault model. Indeed, the bilateral rupture propagation
obtained from body wave inversion [Delouis et al., 2004]
and related maximum slip along the SW fault patch may
have terminated against the Thenia fault and induced the
N102�E trending surface cracks visible SW of Boumerdes
city. The Thenia fault pointed out by the shift of fringes in
Figures 4a and 4b is parallel to the aftershocks alignment as

Figure 11. Topographic and geologic sketch across the 2003 earthquake area. Red star is the main
shock [Bounif et al., 2004], and green dots are aftershocks [from Ayadi et al., 2008]. Tectonic structures
show fold and nappe structures with south verging overthrusts and back thrusts [Meghraoui, 1988]. The
geological units are made of Paleozoic basement rocks (G for granite and gneiss and Sch for micaschists)
with intrusive basaltic units in red (Miocene), Mesozoic and Cenozoic substratum (Sb), Mesozoic and
Cenozoic nappes of flyschs (F), Triassic and Jurassic limestones (L), Postnappes Neogene sedimentary
basins (N), and Quaternary deposits (Q). The 2003 earthquake fault is well located by the main shock and
related aftershocks, and its upward extension indicates the location (black arrow) of a possible fault scarp
at �10 km distance from the epicenter in agreement with the modeled curved fault (see Figures 5b and
6b), the seismic tomography [Ayadi et al., 2008], and the joint inversion of seismological waveforms and
geodetic data [Delouis et al., 2004; Yagi, 2003]. The gray arrow indicates the possible fault scarp location
if we adopt the flat and ramp fault geometry as interpreted from Déverchère et al. [2005].
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clearly shown in the tomography of the western fault section
[see Ayadi et al., 2008, Figures 2 and 3]. The Thenia fault
and parallel fault branches can be considered as tear faults
that accommodate the northwest thrust fault propagation
with regards to the Blida thrust system (Figure 1b). The
Thenia fault branches may also act as a barrier and explain
the arrest of the lateral rupture propagation during the 2003
earthquake.

5.4. Thrust Ruptures and Geometrical Complexities

[23] Other blind or hidden thrust fault structures show
comparable pattern of surface deformation and rupture geom-
etry at depth with structural control of slip distribution and
size of fault patches [Stein and Yeats, 1989]. The 10 October
1980 El Asnam earthquake (Ms 7.3) revealed �36-km-long
thrust surface ruptures with three main segments striking
NE to ENE pointing out the complex rupture geometry at
depth of seismogenic faults in the Tell Atlas [Philip and
Meghraoui, 1983; Chiarabba et al., 1997]. The 2 May 1983
Coalinga earthquake (Ms 6.5) and related parallel fault
branches to the San Andreas fault took place on the 65�
NE dipping reverse fault geometry inferred by the surface
deformation and related surface folding [Stein and King,
1984]. The 6 May 1976 Friuli earthquake (Ms 6.5, Alpine
belt in NE Italy) also shows complex thrust faulting with
two �30� NNE dipping parallel patches with blind to
semiblind earthquake ruptures and a structural control of
the fault propagation [Aoudia et al., 2000]. More recently,
the subpixel analysis of SAR images of the 8 October 2005
Kashmir earthquake (Mw 7.6) area indicates slip distribution
on a �31� NE dipping thrust fault with three main segments
where the rupture initiation and arrest are on intersecting
faults [Pathier et al., 2006]. In our case, the aftershocks
analysis of the 2003 Zemmouri earthquake indicates in
cross sections en echelon SE dipping fault segments sepa-
rated by a 3-km-wide step over [Ayadi et al., 2008]. From
the seismic moment tensor of main shock and aftershocks,
Braunmiller and Bernardi [2005] suggest a NNE trending
transform fault that limits the SW rupture. The focal
mechanism solution of the 29 May 2008 (Mw 5.0) after-
shock shows a high-angle NNE trending nodal fault plane
and may be interpreted as a transform fault at a step over
between the 2003 earthquake rupture farther NE and the
Blida thrust system to the SW (Figure 1b). However, the
inferred transform fault inland shows no evidence of InSAR
signature comparable to that of the Thenia fault.

5.5. Seismic Hazard Implications

[24] Our study shows that an InSAR analysis along a
coastal region is able to provide useful constraints on an
earthquake rupture area and associated seismic hazard on
neighboring fault segments (Figure 1b). Moreover, the
Mitidja basin displays to its northern edge the Sahel
anticline that hides a 70-km-long NW dipping thrust fault
in which the westernmost section was reactivated during
the 1989 Tipaza earthquake (Mw 5.9 [Meghraoui, 1991])
(Figure 1b). The fact that the two edges of the basin were
recently reactivated suggests that the central sections of either
the Sahel anticline or the Blida thrust fault system must
accommodate shortening movements. The InSAR analysis
and modeling of the 2003 Zemmouri earthquake rupture
allow us to constrain the SW rupture termination and may

contribute to a better seismic hazard evaluation. The possible
generation of a future Mw � 7 earthquake farther west along
the nearby Blida or Sahel thrust fault segments that limit the
Mitidja basin (Figure 1b) put the Algiers city and population
at high seismic risk.
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