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Abstract We study the surface deformation as-
sociated with the 22 December 1999 earthquake,
a moderate sized but damaging event at Ain
Temouchent (northwestern Algeria) using Inter-
ferometric Satellite Aperture Radar images
(InSAR). The mainshock focal mechanism so-
lution indicates reverse faulting with a NE–SW
trending rupture comparable to other major seis-
mic events of this section of the Africa–Eurasia
plate boundary. Previously, the earthquake fault
parameters were, however, poorly known because
no aftershocks were precisely determined and no
coseismic surface ruptures were observed in the
field. Using a pair of ERS data with small baseline
and short temporal separation in the ascending
orbit we obtained an interferogram that shows
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the coseismic surface displacement field despite
poor coherence. The interferogram measures four
fringes and displays an ellipse-shaped lobe with
∼11 cm peak line-of-sight displacement. The elas-
tic modeling using a boundary element method
(Poly3Dinv) indicate coseismic slip reaching up to
1 m at 5 km depth on the N 57◦ E trending, dipping
32◦ NW Tafna thrust fault. The geodetic estimate
of seismic moment is 4.7 × 1017 N m. (Mw 5.7)
in is good agreement with seismological results.
The elliptical shape of the surface displacement
field coincides with the NE–SW trending Berdani
fault-related fold. The consistency between the
geological observations and InSAR solution shed
light on the precise earthquake location and
related Tafna fault parameters.

Keywords InSAR · Algeria · Earthquake ·
Thrust fault · Active folding

1 Introduction

On 22 December 1999, the city of Ain
Temouchent and surrounding area located on
the northwestern Tell Atlas mountains were af-
fected by a moderate-sized earthquake (Mw 5.7,
EMSC). The mainshock epicenter was located
at 1.3◦ W 35.25◦ N by the Algerian Geophysical
Centre (CRAAG) and 1.22◦ W 35.17◦ N by the
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SED-ETH Zurich (Figs. 1 and 2). Focal mecha-
nism solutions indicate a NE–SW striking reverse
fault planes, and the seismic moment reaches
4.37 × 1017 Nm (EMSC, Table 1). Using the
waveform modeling, Yelles et al. (2004) obtain
Mo = 4.1 × 1017 Nm and estimate a simple
rupture process with 5.0 s source duration. The
isoseismal map displays contours elongated in the
NE–SW direction and a maximum intensity of VII
with a radius of 30 km within the epicentral area
(Yelles et al. 2004). Large historical earthquakes
affected this region of the Tell Atlas (e.g., in
1790 with Io X MKS in Oran; in 1819 with
Io X MKS in Mascara; (Rothé 1950)) and
imply a high seismic potential of this section
of the Africa–Eurasia plate boundary (Fig. 1).
However, no accurate aftershocks location that
could contribute to a clear identification of the
seismogenic fault geometry was determined, and

no surface ruptures were observed. The precise
fault location and related rupture parameters of
the 22 December 1999 Ain Temouchent earth-
quake remained unknown.

The SAR interferometry is able to assess the
coseismic surface deformation which provides ac-
cess to the rupture parameters (Burgmann et al.
2000; Wright et al. 2004; Fielding et al. 2004;
Cakir et al. 2006; Motagh et al. 2006; Belabbes
2008). Although it is relatively easy to determine
the surface deformation of large earthquakes
(Mw ≥ 6) with InSAR, even with long tempo-
ral separation between SAR images, it is of-
ten difficult to reveal the surface deformation of
small- and moderate-sized earthquakes (Mw < 6;
Lohman and Simons 2005). However, under fa-
vorable conditions (e.g., short temporal and spa-
tial baselines), InSAR may provide significant
results for small- and moderate-sized shallow
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Fig. 1 Seismotectonics of the Ain Temouchent earthquake
area with shaded relief image from SRTM data. The 1999
Ain Temouchent mainshock location (red star) is from
CRAAG and the seismicity from Benouar (1994) 1900–
1993 catalogue and ISC 1993–2006 catalogue. Circles are
for instrumental events and squares for main historical
events. Beach balls a, b, and c are the focal mechanism solu-
tions of the 1999 Ain Temouchent (Mw 5.7), 1994 Mascara,
(Mw 5.7) and the 1980 El Asnam (Mw 7.3) earthquakes,

respectively (from Global CMT). Active folds and faults
are from Meghraoui (1988). Dashed box shows the ERS
SAR data frame (track 144) and black arrows indicate
the satellite flight direction (ascending) and the line of
sight direction (towards east). Inset box shows the con-
vergence between African and Eurasian plates in western
Mediterranean with white arrows indicating the motion of
Africa relative to Eurasia (Serpelloni et al. 2007)
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Fig. 2 Morphotectonic
map of the earthquake
area. Stars show the
earthquake epicenter
given by different
seismological centers.
The arrowed line shows
the fold orientation.
Black line with thrust
symbols shows the
modeled fault (see also
Figs. 8 and 9). Dashed line
indicates the active fault
extension. T is the
cross-section of Fig. 9b
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earthquakes even in regions with variable topog-
raphy and dense vegetation (Salvi et al. 2000;
Mellors et al. 2004; Akoglu et al. 2006).

SAR interferometry applied to the 1994–2004
(Mw 6.0; 6.4) Al Hoceima earthquake sequence
in North Africa (Cakir et al. 2006; Akoglu et al.
2006) revealed blind NE–SW and NW–SE conju-
gate strike–slip faults affecting the Rif Mountains.

For the Mw 6.8, 2003 Zemmouri (Northern
Algeria) earthquake, the InSAR results suggest a
NE–SW trending and 50-km-long thrust rupture
with two offshore fault segments and ∼0.15 m in-
duced right-lateral slip on an E–W fault (Belabbes
2008).

In this paper, we use ERS Synthetic Aperature
Radar (SAR) data to compute coseismic inter-

Table 1 Rupture parameters of the 22/12/1999 Ain Temouchent earthquake

Source Long (◦) Lat (◦) Depth (km) Plane1 Plane2 Mo (Nm)

Strike Dip Rake Strike Dip Rake

HRV −1.45 35.34 15 29◦ 45◦ 67◦ 240◦ 49◦ 111◦ 2.95 × 1017

SED −1.22 35.17 12 221◦ 57◦ 80◦ 59◦ 34◦ 106◦ 4.26 × 1017

USGS −1.28 35.32 – – – – – – –
EMSC −1.28 35.32 8 59◦ 21◦ 118◦ 209◦ 71◦ 80◦ 4.7 × 1017

Yelles et al. −1.3a 35.25a 4 60◦ 36◦ 63◦ 272◦ 54◦ 108◦ 4.1 × 1017

This study −1.3a 35.25a 5 57◦ 32◦ 90◦ 237◦ 58◦ 90◦ 4.7 × 1017

HRV Harvard, SED Swiss Seismological Network, USGS US Geological Survey, EMSC Euro-Mediterranean Seismological
Center
aEpicentral location from CRAAG
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ferograms of the Ain Temouchent earthquake,
locate the area of surface deformation and infer
the fault rupture characteristics. In parallel, In-
SAR results and field observations, which show
evidence of Quaternary deformation and active
folding in the epicentral area, are combined to
obtain fault parameters. Using Poly3Dinv inver-
sion software, we obtain a dislocation model with
slip distribution at depth that constrains the seis-
mic rupture parameters. Finally, we discuss the
application of InSAR to the identification of blind
thrust fault rupture and its implication for the
seismic hazard evaluation in northern Algeria.

2 Tectonic setting

The Ain Temouchent earthquake area is located
in the Tell Atlas, immediately NE of the Tafna
Quaternary basin and SE of the Mleta Quaternary
basin (Figs. 1 and 2). The intensity map related to
damage delimits a zone around Ain Temouchent
city including Ain Allem, Ain Tolba, and Ain
Kihal villages (Fig. 2; Yelles et al. 2004), but no
surface faulting were visible (Bouhadad 2007).
The Mleta basin is limited to the north by the
N 50◦ trending and 32-km-long Murdjadjo active
fold-related fault that may be responsible for the
1790 Oran earthquake (I0 = X− XI MKS, Rothé
1950; Bouhadad 2001). East of the epicentral area,
the Tessala and Beni Choughrane mountains and
NE–SW fold-related faults experienced the 1994
Mascara thrust earthquake (Benouar et al. 1994;
Mw 5.7, Fig. 1) which is comparable to the Ain
Temouchent 1999 event, since it did not produce
surface faulting. The recent major earthquakes
of El Asnam (1980, Mw 7.3), Tipaza (1989, Mw
5.9), Mascara (1994, Mw 5.7), and Zemmouri
(2003, Mw 6.8) in northwest Algeria illustrate the
pattern of active deformation in the Tell Atlas.
The tectonic characteristics correspond to thrust
ruptures associated with NE–SW trending fold-
related faults showing en-echelon right-stepping
distribution (Meghraoui 1988, 1991; Benouar et al.
1994; Meghraoui and Doumaz 1996). The late
Quaternary active deformation of the Tell Atlas
mountain ranges of northwest Algeria consists
of NE–SW trending thrust and fold system that
result from 3 to 6 mm/year convergent movements

between Africa and Eurasia (Nocquet and Calais
2004; Serpelloni et al. 2007). The transpressive
active deformation is essentially due to the NNW–
SSE to NW–SE shortening as inferred from P
axes of thrust focal mechanisms (Meghraoui et al.
1996; Stich et al. 2003).

Field investigations in the earthquake area
indicate the existence of NE–SW trending
folded Neogene and Quaternary units with steep
southeastern flank and thrust fault that controls
the Tafna Basin (Fig. 2). In particular, the Berdani
fold structure runs for more than ∼20 km in
the epicentral zone, from the Tafna River in the
southwest to the Ain Kihal village in the north-
east. The fold structure is bounded to the south-
east by a single linear fault scarp morphology
and presents ∼300 m topographic offset near the
Tafna Basin (Fig. 2). Furthermore, minor reverse
faults and liquefaction features that affect
Quaternary units are visible along scarp morph-
ology (Bouhadad 2007). Other evidence of recent
tectonic activity is attested by (1) strongly folded
late Quaternary units and alluvial terraces visible
in the southeastern flank of the anticline (Figs. 2
and 3, ref: Geological map of Bensekrane 1990)
and (2) the relationships between the morphology
and the drainage network. The analysis of
topography suggests that the 40-km-long Tafna
fault crosses the Tafna River and extends to-
wards the SW. The Tafna fault is associated with
cumulative uplift of alluvial units and triangu-
lar facets with progressive angular inconform-
ity of late Quaternary units. Active tectonics
of the Ain Temouchent region indicate the
existence of a previously unknown Tafna fault and
related Berdani fold with seismic characteristics
comparable to other active zones in the Tell Atlas
(Table 2).

3 InSAR data analysis

In order to map the surface displacement field,
we calculated four coseismic interferograms using
the European Space Agency (ESA) ERS-2 SAR
data from the ascending orbits (Fig. 4; Table 3).
With multi-looking of 5 in azimuth and 1 in range
(i.e., averaged to 20 × 20 m of ground pixel size),
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Fig. 3 Satellite image of
the epicentral area
showing the Berdani fold
structure (from Google
Earth). White star is the
epicenter of the 1999
earthquake determined
by CRAAG with focal
mechanism from Global
CMT. The fault scarp
location (black line) is
delineated by the
triangular facets,
progressive unconformity
of Quaternary units and
uplifted alluvial deposits
(see also the cross-section
in Fig. 9a)

the raw data were processed with SARscape®
software and satellite precise orbits (from Delft
University; Scharoo and Visser 1998). The pro-
cessing takes into account a spatial baseline vari-
ation of satellite orbits from 0 to ∼1,000 m and
the phase difference of interferograms that may
include surface displacement (tectonic), topo-
graphic effects, noise from the atmospheric ef-
fects, and orbit errors (Massonnet and Feigl 1998;

Burgmann et al. 2000). We used the SRTM
3′′ (∼90 m) posting digital elevation model to
remove the effect of topography from the interfer-
ograms (Farr and Kobrick 2000). Interferograms
with large temporal and/or spatial baselines do not
provide deformation fringes due to signal decorre-
lation resulting mainly from surface changes (not
tectonic, e.g., the seasonal vegetation change from
spring to fall); in this case, the decorrelation

Table 2 Major large to
moderate thrust faulting
earthquakes of the Tell
Atlas of Algeria

Location Date Long (◦) Lat (◦) Mw

Orleanville 09/09/1954 1.47 36.28 6.7
El Asnam 10/10/1980 1.36 36.18 7.3
Constantine 27/10/1985 6.65 36.4 6
Tipaza 29/10/1989 2.92 36.84 5.9
Mascara 18/08/1994 −0.03 35.40 5.7
Ain Temouchent 22/12/1999 −1.45 35.34 5.7
Beni Ourtilane 10/11/2000 4.69 36.71 5.7
Zemmouri 21/05/2003 3.65 36.83 6.8
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Fig. 4 Baseline plot of
the SAR data used in this
study (x-axis is in
year/month/day). The
pair with a bold line is
the interferogram shown
in Fig. 5
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increases with time and may cancel the fringe
of interferograms (Massonnet and Feigl 1998;
Lohman and Simons 2005). Therefore, for shal-
low, small- to moderate-sized earthquakes, we
select SAR pairs with short temporal and spatial
baselines.

Among the four interferograms, the best is the
one with the shortest time interval (i.e., 5 months)
and 130 m perpendicular baseline (Fig. 4; Table 3).
The interferogram shows ∼11 cm slip in the line
of sight that corresponds to four fringes in an
elliptical lobe (Fig. 5). Orbital residuals parallel
to the range direction were removed from the
interferogram with a first-order polynomial func-
tion. Centered in the epicentral area determined
by CRAAG, the elliptical lobe is ∼20 km long,
∼10 km wide, and trends NE–SW (Fig. 5), con-
sistent with the focal mechanism solution and late
Quaternary folding described above (see previous
paragraph and Figs. 2, 3, and 5). The fault loca-
tion is indicated by the steep fringe gradient to
the south side of the lobe. Comparable fringes
with elliptical lobe associated with folding can be
also seen in other cases like the 1994 Sefidabeh
earthquake (Mw 6 in eastern Iran; Parsons et al.
2006). The coseismic interferogram allows us to
resolve the ambiguity of the fault rupture location,

dip direction, and displacement field of the Ain
Temouchent earthquake.

4 Modeling of a blind thrust rupture

In order to model the SAR data, we use the
Poly3Dinv inversion method based on the ana-
lytical solution for an angular dislocation (trian-
gulated surfaces as discontinuities) in a linear,
elastic, homogeneous, and isotropic half space
(Maerten et al. 2005; Okada 1985). The fringes
shape and the Berdani fold geomorphology in-
dicate that the 1999 fault rupture is most likely
dipping NW and located SE of the deformation
lobe. We meshed our surfaces with 70 triangles
(i.e., 7 × 5 quadrangles) using MATLAB®. Be-
cause of the low coherence and difficulties in
unwrapping phases, we use digitized fringes that
are also visible in the wrapped interferogram.
The slip distribution in each triangular element
is inverted with a negativity constraint on the
dip slip component (i.e., thrusting only), and a
minimum RMS is calculated for the best fit of fault
geometry (Fig. 6a). In addition, to avoid unphys-
ical oscillatory slip, the scale-dependent umbrella
smoothing operator in Poly3Dinv is applied using

Table 3 References of
SAR images

Satellite Orbit number Date Track Frame

ERS-1 41214 02/06/1999 144 697
ERS-2 29056 09/11/2000 144 697
ERS-2 24046 25/11/1999 144 697
ERS-2 12022 07/08/1997 144 697
ERS-2 25048 03/02/2000 144 697
ERS-2 26050 13/04/2000 144 697
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Fig. 6 a Plot of rms misfit
versus fault dip. The best
result is obtained with a
fault dip of 32◦ to the
northwest. b Plot of rms
misfit versus smoothing
factor and model
roughness. A smoothing
factor of 0.3 represents
the best compromise
between the smoothness
of solution and fit
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Fig. 7 Slip distribution of the best fit model for the Ain
Temouchent earthquake. The maximum slip reaches 1 m
at about 5 km depth

a 0.3 factor to invert slip distribution. This value
is the best compromise between the roughness of
the model and the fit with the data (Fig. 6b). Since

the coseismic fault rupture was not observed at
the surface, we consider the fault as blind with no
slip on the upper quadrangles and run series of
inversions in order to constrain the fault geometry
at depth. The coseismic slip is inverted on 20◦ to
60◦ NW dipping faults that coincide at surface with
the trace of the Tafna fault.

As shown in Figs. 6a and 7, the best fit is
obtained with a 20-km-long thrust fault striking N
57◦ E and dipping 32◦ NW. The inferred fault trace
located at about 5 km south of the deformation
fringes coincides with the southeastern flank of
the Berdani fold (Fig. 8a). Our best slip model
also indicates one single patch with a maximum
slip of 1 m at 5 km depth (Fig. 7) and a geo-
detic moment of 4.7 × 1017 N m (Mw 5.7) in
good agreement with seismological estimates of
Table 1. Main features of the observed inter-
ferograms are successfully reproduced by the best
fit model (Fig. 8a). This is also supported by the
∼ 0.8 cm RMS values (Fig. 6a) and low residual
fringes (Fig. 8b).
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Fig. 8 a Synthetic interferogram obtained from the
inversion. Geodetic moment (Mo) and the correspond-
ing moment magnitude (Mw) of the earthquake are
consistent with those determined from seismology
(Table 1). Thick dashed line represents the surface
trace of the modeled fault. b Residual interferogram

obtained after subtracting the synthetic interferograms
from the observed interferogram (Fig. 5). Inset profile
illustrates the fit between the model and data. The small
feature visible SW of the modeled fringes and in the
residuals can be considered as an artefact because it does
not appear in the interferogram of Fig. 5



J Seismol

Fig. 9 Cross-sections
(location in Fig. 2) of the
earthquake area with
a Geology (Ref:
Geological map of
Bensekrane 1990).
b Topographic profile
(vertical exaggeration: 5)
and c Dislocation model.
The southeast verging
Berdani fold and related
active fault are
responsible of the
topographic offset,
surface deformation. The
cumulative slip which
reflects several
earthquake cycles on the
fault is attested by the
unconformity of the
Quaternary deposits and
the bending normal faults
on the anticline
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5 Discussion and conclusion

The surface deformation of the 22 December,
1999 (Mw 5.7) Ain Temouchent earthquake is
documented using InSAR analysis and related
modeling supported by field observations. In the
absence of surface faulting and accurate after-
shocks location, the high-resolution of InSAR

results (four fringes in an elliptical lobe) comple-
mented by field investigations help in constraining
the area of surface deformation associated with a
moderate-sized earthquake. Deformation fringes
corroborated by the thrust focal mechanism so-
lution (Harvard) show a NE–SW trending and
NW dipping rupture related to an active fold-
ing deformation in the 1999 epicentral zone. The
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modeling of InSAR data allowed us to constrain
the geodetic moment of 4.7 × 1017 N m (Mw 5.7)
with a maximum slip of 1 m at 5 km depth. The
Ain Temouchent earthquake took place on a ∼20-
km-long thrust fault, striking N57◦ E and dipping
32◦ NW.

The NW dipping fold-related fault is com-
parable to those previously described in the
Cheliff and Habra Basins (Fig. 1; Meghraoui 1988;
Bouhadad 2001). The Berdani anticline structure
also exhibits normal faults comparable to the
bending moment fault associated with the Oued
Fodda fold of the El Asnam fault (Meghraoui
and Doumaz 1996). The structural framework of
the 1999 Ain Temouchent earthquake is char-
acterized by fold-related thrust tectonics where
deformed late Quaternary deposits illustrate the
cumulative deformation of numerous earthquake
cycles (Fig. 9). The fold growth is here also
controlled by the incremental coseismic fault
movements as shown by the existence of the bend-
ing moment normal faults, the progressive un-
conformity of Quaternary deposits, and uplifted
alluvial terraces southeast of the Berdani anti-
cline (Fig. 3). The comparison between the south
verging broken anticline, the offset topographic
profile across the Tafna Basin and Berdani fold,
and the zone of maximum deformation as pre-
dicted by dislocation model (Fig. 9c) indicates
clear relationships between the blind thrust rup-
ture geometry, the coseismic surface deforma-
tion and local geology. The fact that the zone of
maximum surface deformation is located at about
5 km NW of the fault scarp (Figs. 3 and 5b) re-
flects the blind character of the coseismic rupture.
However, the complex geomorphology likely re-
lated to the inherited Cenozoïc tectonic structures
(Geological map of Bensekrane 1990) tends to
hide the late Quaternary deformation (see also
the structural cross section of Fig. 9a and topo-
graphic profile of Fig. 9b).

The 1999 rupture occurred on one segment of
the fault which extends further SW and dams the
Tafna River (Fig. 2) in a situation similar to the
damming of the Cheliff River by the El Asnam
fault (Meghraoui and Doumaz 1996). An earth-
quake rupture along the entire Tafna fault length
(∼40 km, Fig. 2) would generate an Mw > 7 earth-
quake according to the Wells and Coppersmith

empirical relations (1994). The fault parameters
obtained by Yelles et al. (2004) are slightly differ-
ent from our results (Table 1). Indeed, the InSAR
analysis is based on near-field observations, and it
has, therefore, a better constraint on the rupture
location, strike, and size. In contrast, the seismic
source modeling (Yelles et al. 2004) has more
control on the faulting mechanism and associated
rake angle (Table 1). The tectonic pattern of blind
or hidden thrust rupture is also a characteristic
of the Tell Atlas of Algeria that experienced
several moderate-sized earthquakes in the last
two decades (Meghraoui 1991; Bounif et al. 1987;
Benouar et al. 1994, Table 2). More recently,
field observations and InSAR analysis of the 2003
Zemmouri earthquake (Mw 6.8) revealed an av-
erage 0.60 m uplift along a 55-km coastline as-
sociated with a NE–SW trending offshore thrust
fault (Meghraoui et al. 2004; Belabbes 2008). The
largest instrumentally recorded seismic event of
the Tell Atlas reached Mw 7.3 in 1980 at El
Asnam and reactivated 36-km-long thrust fault
and related folding with a 2.5 m average vertical
offset (Philip and Meghraoui 1983). This earth-
quake made possible the identification of the main
seismogenic characteristics of the Tell Atlas ac-
tive folding and established the relationships be-
tween active folding and fault ruptures in many
worldwide seismogenic zones (Stein and Yeats
1989). However, shallow and moderate-sized
earthquakes associated with folding are frequent
in northern Algeria, and the surface deformation
induced by these earthquakes is somehow difficult
to characterize. In regions with hidden or blind
earthquakes and poor seismic array coverage, In-
SAR is an extremely useful tool that determines
the coseismic surface deformation and help in
constraining the rupture characteristics.
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