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Morocco
hquake in Al Hoceima, Morocco of 24 February, 2004 occurred in the active plate
boundary accommodating the oblique convergence between Africa and Eurasia. Three different sets of
estimates of its source parameters have already been published. We try to resolve the discrepancies between
them by using additional data including two remote sensing satellite systems (ENVISAT and SPOT5). Using a
model with a dislocation in an elastic half-space, we constrain the source parameters. The hypothesis of two
subevents on distinct faults as inferred from seismological inversions is confirmed here by adopting a cross-
fault mechanism. The rupture began on a left-lateral strike-slip fault striking at N10° azimuth with 90 cm of
horizontal slip and then transferred to a right-lateral strike-slip fault striking at N312° azimuth with 85 cm of
horizontal slip. The first fault is at 500 m depth from the free surface and the second fault is at 3 km depth.
This model is consistent with ground-based observations, including GPS, seismology, and mapped surface
fissures. The pair of faults activated in 2004 appears to constitute part of a complex seismogenic structure
striking NNE–SSW that separates the Rif tectonic blocks.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

The Al Hoceima region is now recognized as the most seismically
active part of Morocco, due to its situation in the complicated
boundary zone between the Eurasia and Africa plates. Its high level of
seismicity makes it one of the most studied active zones in the
western Mediterranean. The tectonic control of the seismicity is still
an open question.

Al Hoceima is located between two major left-lateral strike-slip
faults, the Jebha fault striking N70° and the Nekor fault striking N50°
(Fig.1), along which the Rif nappeswere transported toward theWSW
with left-lateral strike-slip through the Miocene (Leblanc & Olivier,
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1984; Frizon de Lamotte et al., 1991). The paucity of seismicity and the
lack of Quaternary deposits around these two major geological faults
(Leblanc & Olivier, 1984; Frizon de Lamotte et al., 1991) make it
difficult to investigate the paleoseismicity and the recent morphotec-
tonics within these prominent structural features of the Rif.

The seismic activity in the Al Hoceima region is characterized by
predominantly strike-slip and normal faulting trending from NE–SW
to NW–SE (Hatzfeld et al., 1993; Calvert et al., 1997). Historically, the Al
Hoceima area has experienced many disastrous earthquakes. Notable
sequences in 1522, 1624, 1791 and 1800–1802 have been reported by
El Mrabet (2005). On May 26, 1994 a Mw=5.9 earthquake occurred
there with a left-lateral strike-slip buried fault (Calvert et al., 1997; El
Alami et al., 1998; Bezzeghoud & Buforn, 1999; Biggs et al., 2006;
Akoglu et al., 2006). Surface cracks trending mostly from NNE–SSW to
NE–SW and coeval with the 1994 main shock have been observed in
the epicentral area (Hahou, 2005).

The February 24, 2004 (Mw=6.3) earthquake was one of the most
catastrophic of the last century in this region. Its devastating effects
included: 629 fatalities, 966 injuries, 2539 destroyed and damaged
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Fig. 1. Tectonic setting of the Al Hoceima (NorthernMorocco) region. Focalmechanisms are selected from Stich et al. (2003) and the Harvard (2005) catalog. Tectonic features are from the
Carte des mouvements récents du Rif (Service Géologique du Maroc, Rabat, 1992). Arrows show velocities of GPS stations for the interval 1999–2005 with respect to Africa plate, with 95%
confidence ellipses (Tahayt et al., 2007). The inset shows the regional seismotectonic context of the western Mediterranean Basin. Topography is derived from NASA/SRTM (2005).
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houses, and15,600 homeless. The heavydamagewasdue in largepart to
the poor quality of construction combined with site amplification
effects. The ground acceleration reached2.3m/s/s close toAbdelkarimEl
Khattabi lake dam located at 20 kmSE of Al Hoceima city (CNRST, 2004).

A suite of geophysical studies was undertaken as soon as possible
after the Al Hoceima 2004 earthquake using different measurements
to determine the source mechanism of the main shock. Jabour et al.
(2004) and Aït Brahim et al. (2004) describe the macroseismic effects
of the earthquake. Stich et al. (2005) use waveform inversion to
estimate the source parameters of the mainshock. They propose a
model with two distinct parallel faults striking N11°E. Çakir et al.
(2006) estimate the fault geometry and the slip distribution using only
descending and ascending synthetic aperture radar (SAR) interfero-
grams to find a curved right-lateral strike-slip fault, striking NW–SE.
Biggs et al. (2006) conclude from interferograms and aftershock
distribution that the main fault is planar and strikes NW–SE. The
differences between these determinations of the source mechanism of
the mainshock are due to the complexity of the rupture. Previous
solutions for the source parameters are summarized in Table 1.
Table 1
Different estimates of source parameters for the 24 February 2004 earthquake in Al Hoceim
seismological, and field data (this study); (B) is from InSAR and seismological data (Biggs et
seismological data (Stich et al., 2005)

Fault Longitude Latitude Strike Dip Rake
(°) (°) (°) (°) (°)

A1 (L) −3.959 35.122 10 88 1.3
A2 (R) −4.028 35.134 312 88 −179
B (R) −3.986 35.137 295 87 −179
C (R) −3.993 35.127 275–310 88 −161
D1 (L) −4.000 35.140 11 72 −17
D2 (L) −4.020 35.140 11 72 −17
Z

(L) for left and (R) for right, indicate the sense of strike slip.
⁎ Depth of the top edge of the fault. R

P
is the mean resultant length of the residual differenc

is the null model.
In this work, we attempt to reconcile these studies by considering
most of the available data in a single interpretation. In particular, we
analyze data from two satellite systems: ENVISATand SPOT5. These data
constrain an elastic dislocation model to find the source parameters of
the earthquake, including the length, width, strike, dip, amount, and
rake of the coseismic slip. To validate the interpretation,we compare the
model for the earthquake source mechanism to ground-based observa-
tions, including seismology, geodesy and geology. Fig. 2 shows the
locations of the data sets used in this study.

2. Remotely sensed observations

2.1. InSAR

We use ENVISAT radar images acquired in both descending and
ascending tracks before and after the 2004 earthquake to further
investigate coseismic deformation (Table 2). Interferometry applied to
SAR images (InSAR) yields three coseismic interferograms, two in
descending orbital passes and one in an ascending pass. They are
a region using various data sets: (A1) and (A2) are two faults from InSAR, GPS, SPOT5,
al., 2006); (C) is from InSAR data (Çakir et al., 2006); (D1) and (D2) are two faults from

Depth⁎ Length Width Slip Moment R
_

(km) (km) (km) (m) (x1018 N m)

0.5 9 11.5 0.92 2.80 0.0688
3.0 15 9.0 0.76 3.08 0.0688
2.1 8.8 16 1.4 6.2 0.0522
2 21 16.5 2.7 6.8 0.0302
1.6 10 10 1 1.9
0.7 8 8 0.6 1.0

0.0502

e between the observed phase and the modeled phase, using a near-field area (Fig. 5). Z



Fig. 2. Data set used in this study. Red ellipse delimits the damaged area. Stars show the epicenter locations of the Al Hoceima main shock (event of February 24, 2004 at 02:27 GMT)
with corresponding focal mechanisms estimated by different data centers. Blue rectangles denote subsets of ENVISAT ASAR images in Frames 2889 and 2907 of Track 2880. Green
rectangles denote SPOT5 images used in the correlation. Red triangles are GPS stations: MDAR and BBFH have GPS measurements of coseismic displacements included in the
modeling. Yellow triangles represent seismic temporary array stations used to collect aftershocks plotted in Fig. 6. Rectangle oriented E–W delimits the area covered by the
interferograms shown in Fig. 5.
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calculated using the DIAPASON software developed at the French
space agency (CNES) using the two-pass method (Massonnet et al.,
1993). The interferogram measures the phase change due to differ-
ential effects including ground deformation, orbital effects, topogra-
phic errors and tropospheric variations that occurred between the two
satellite passes. Precise orbits (Scharroo & Visser, 1998) are used to
model the orbital effects.
Table 2
ESA ENVISAT data analyzed in this study. Altitude of ambiguity ha gives the
perturbation in topographic elevation required to generate one fringe (Massonnet &
Rabaute, 1993)

Pass Track Orbit1 Date Orbit2 Date ha
(m)

Interval
(days)

Ascending 2230 9302 2003-12-10 12308 2004-07-07 518 210
Descending 2280 6847 2003-06-22 12358 2004-07-11 144 385
Descending 2280 5845 2003-04-13 11857 2004-06-06 117 420
We retain two interferograms spanning the date of the 2004 Al
Hoceima mainshock (Table 2). These pairs have been presented, along
with others, by Biggs et al. (2006) and Çakir et al. (2006) using
different methods. The ascending interferogram has a time span of
210 days and an altitude of ambiguity of 518m. It is the only ascending
coseismic pair available in the catalog of ENVISAT images that pro-
duces an interferogram with legible fringes. The descending inter-
ferogram has a time span of 385 days and an altitude of ambiguity of
144 m. The topographic contribution has been removed using a digital
elevation model (DEM) from SRTM3 with an absolute vertical accu-
racy less than 16 m and a relative vertical accuracy less than 10 m
(Falorni et al., 2005). Since these values are a small fraction of the
altitudes of ambiguity in the considered pairs, the topographic contri-
bution to the interferometric range change is negligible. Consequently,
the topographic contribution from a 10 m 1-σ artefact in the DEM at
the epicentral zone would be 0.5 mm or 2 mm for the ascending and
descending passes, respectively. The interferometric fringe patterns
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record deformation such that each fringe is equal to a change of
28 mm in range along the line of sight between the ground pixel and
satellite. The fringes around Al Hoceima region correspond to the
coseismic deformation pattern (Fig. 5A). The lobate patterns in the
interferograms are compatible with a strike-slip focal mechanism.

Away from the faults, the fringes that appear to “hug” the topography
in the mountainous areas south and southwest of the epicenter are
probably atmospheric artifacts (e.g., Massonnet & Feigl, 1998). Near the
epicenter, the fringes break down into random, decorrelated noise in
some of the locations where surface rupture was observed in the field.
This phenomenon is especially apparent in the ascending interferogram,
where the two NW–SE-trending lobes would converge.

2.1. Measurement of surface strain by correlating optical SPOT5 images

The deformation of the Earth's surface produced by glacier flow,
volcanos, landslide movements or earthquakes can be mapped using
the correlation of satellite optical images (Van Puymbroeck et al.,
2000; Berthier et al., 2005; Binet & Bollinger, 2005; Delacourt et al.,
2007). This technique is useful to determine the location and amount
of surface rupture on a fault. This technique has been applied to the
Izmit 1999 earthquake (Michel & Avouac, 2002) and the Kashmir 2005
earthquake (Avouac et al., 2006). Here, we correlate two images with
2.5-meter resolution from the SPOT5 satellite to investigate the
surface deformation produced by the 2004 Al Hoceima earthquake.
Fig. 3. SPOT5 pair images correlation results. Left: N–S component of the displacement field (u
the displacement field (up) and its corresponding histogram in the whole map (down). The
The SPOT5 satellite acquired two images of the earthquake area on
18 October 2003 (before the mainshock) and on 16 October 2004
(after the mainshock) in the same orbit. The 364-day time separation
is exactly equal to 14 orbital cycles for the SPOT5 spacecraft. This ideal
situation (called an “exact repeat pair”) leads to a small base-to-height
(B/H) ratio of 0.0007, indicating a limited sensitivity to static
topographic relief. A typical 10 m error in the SRTM DEM (Falorni
et al., 2005) would lead to a distortion of less than 1 cm between the
two images after orthorectification. The one-year time separation
ensures a similar solar illumination for the two SPOT5 acquisitions,
minimizing the errors due to the changes in length of the shadows
(Berthier et al., 2005; Delacourt et al., 2007).

To reject any possibility of errors due to the processing strategy, the
pair of images were analyzed using two independent software packages:
onedevelopedatCNES (Berthieret al., 2005) andCosi-Corr (Leprinceet al.,
2007). The main conclusions are similar from both analyses with slightly
smaller uncertainties in the results from Cosi-Corr, which are presented
here.Windowsof 32by32pixelswereused to correlate the SPOT5 images
with a constant step of 16 pixels in each dimension. Fig. 3 shows the two
maps from the correlation analysis, one of the displacement offset in
Easting, the second in Northing. Themean shift in both directions is small
(about 3 cm) confirming that the two images are co-registered well. No
clear offset break appears in either deformation map.

Fig. 4 shows the SPOT estimates of displacement in profiles drawn
perpendicular to the strikes of the two candidate faults. The profilemost
p) and its corresponding histogram in thewholemap (down). Right: E–Wcomponent of
white bars are the modeled faults inferred from modelling process.



Fig. 4. (A) profile across the N10° modeled fault showing northward deformation from correlation of SPOT5 images. Straight line indicates the average trend of the profiles. The offset
between the two line segments is 10±10 cm. Throw toward the North is positive. (B) profile across the N312°modeled fault showing eastward deformation. Straight line indicates the
trend average of the profiles. The offset between the two line segments is 5±5 cm. Throw toward the East is positive.
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likely to show a detectable offset is the E–W profile of the Northing
component orthogonal to the N10° fault. Averaging the northing offset
values in two distinct line segments on either side of the modeled fault
striking N10°, we estimate the throw in Northing to be 5±5 cm. This
value is not significantly different fromzero. Indeed, similar insignificant
values of throw appear in the other three profiles crossing the modeled
faults, as well as in other locations. We conclude that the horizontal
throw of any coseismic surface rupture can be no larger than 5 to 10 cm.

3. Slip Modeling

To explain the deformation fields estimated from the ENVISAT and
SPOT5 data, we develop a theoretical model. Specifically, we seek to
determine a set of earthquake source parameters. We use the
formulation of Okada (1985) based on dislocations in a homogenous
elastic half-space. Using a computer program to calculate coseismic
displacements at the earth's surface (Feigl & Dupré, 1999), we calculate
the range change values assuming the same radar line of sight at each
pixel. As in previous studies, we assume that any postseismic processes
occurring after 24 February 2004 are negligible. To avoid artifacts
associated with overlaps between fault segments, we use simple
rectangular faults. We find the best-fitting model (Fig. 5B) by a trial-
and-error procedure that maximizes the length of the sum of residual
phasors representing the real and imaginary parts of the phase (Vadon&
Sigmundsson, 1997). When normalized by the number of pixels, this
quantity is called the mean resultant length and denoted R

P
(Mardia,

1972). For a perfect fit, the observed value and the modeled value of the
phase are equal at each pixel and the mean resultant length R

P
=1. We

have tuned the nine fault parameters (easting, northing, strike, depth,
dip, strike slip, dip slip, length and width) to maximize R for the phase
residuals in the region shown in Fig. 5.

We begin with a single rectangular dislocation varying around NE–
SW left-lateral, strike-slip or around NW–SE right-lateral, strike-slip. In
both cases, themisfit is unacceptably large in oneorbital direction,when
the best fit (minimal residual fringes) is found in the other, while also
attempting to account for the GPS coseismic displacements. Both
solutions require a faultwith a short length (b12km) anda large amount
of strike slip (N2m) exceeding the empirical slip-to-length ratiowhich is
estimated to range between 0.2 to 1.0×10−4 for intraplate earthquakes
(Scholz, 2002). The same experiment supported by an error analysis
leads Biggs et al. (2006) to prefer, for simplicity, the NW–SE right-lateral
plane as theprimary buried fault for the 2004AlHoceimaearthquake. In
contrast, Çakir et al. (2006) prefer a curved right-lateral NW–SE striking
fault. However, Stich et al. (2005) infer two subevents in the apparent
source time function fromwaveformmodelling of seismograms on two
separate parallel faults striking N11° with moment magnitudes of
Mw=6.2 and 6.0 for the first and second subevents, respectively.
Furthermore, the aftershock distribution suggests the activation of a
separate, second conjugate fault.

From these tests, we have selected amodel with 18 free parameters
to describe two faults that provides an acceptable fit to the InSAR, GPS,
and seismic observations (Fig. 5). The first fault in the model strikes
N10° with a top at a depth of 500 m and the second fault strikes N312°
with a top at a depth of 3 km (Fig. 6). Their dimensions are 9×11.5 km2

and 15×9 km2, respectively. The slip is predominantly horizontal
strike slip for both faults, with 90 cm on the N10°-striking fault and
85 cm on the N312°-striking fault (Table 1). These values of the model
parameters lead to the modeled fringe patterns shown in Fig. 5B. The
modeled interferograms (Fig. 5B) resemble the observed interfero-
grams(Fig. 5A). Indeed, the residual interferograms (Fig. 5C), calcu-
lated by subtracting the modeled phase values from the observed
phase values, show only a few fringes. The small number of fringes in
the residual interferogram indicates that the model fits the data.

To compare our fault model with those inferred from previous
studies, we calculate the residual difference between the observed
phase and the modeled phase. We perform this calculation for each of



Fig. 5. Interferograms. (A) Observed InSAR interferogram from ENVISAT data, acquired in ascending (on left) and descending (on right) passes. One cycle of color represents one
interferometric fringe or a range change of 28 mm along the line of sight. The black arrows indicate the coseismic horizontal displacement vectors associated with the Al Hoceima
earthquake, as measured by GPS with 95% confidence ellipses. The black lines show the fissure array mapped by Aït Brahim et al. (2004). (B) Simulated fringe pattern calculated from
dislocations in an elastic half-space. The black arrows indicate vectors representing the coseismic displacement at the twoGPS stations calculated from the samemodel. (C) Residual phase
calculated by substracting themodeled interferograms (B) from the observed ones (A). Vectors show the residual coseismic displacement. The two abutting two faults are plotted as black
bars. The two sets of fault parameters are presented in Table 1. Rectangles in (A) delimit the near-field area used in test statistics of mean resultant length given in Table 1.
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the three InSAR-based models, our two-fault model (A), the one-fault
model of Biggs et al. (2006) (B), and the 25-patch model of Çakir et al.
(2006) (C), as listed in Table 1, for both the ascending and descending
interferograms in a small region near the epicenter where the coseis-
mic fringes are clear (Fig. 5C).

The wrapped phase residuals vary between −1/2 and +1/2 cycles
and are distributed as Von Mises (Mardia, 1972; Mardia & Jupp, 2000;
Huber et al., 2001; Feigl & Thurber, 2007). A Von Mises distribution is
characterized by a mean direction and a concentration parameter κ.
We perform a two-sample test to test the null hypothesis that the
concentration parameters of two sets of residuals are equal, assuming
that their mean directions are both null (Mardia & Jupp, 2000). This
test involves calculating the mean resultant length R

P
for each set of

residuals, as shown in the final column of Table 1. These values
account for a total of 293644 pixels in the near-field parts of the
ascending and descending interferograms.

Since R
P

b0.45 in all cases, we use the statistic given by equation
(7.3.23) of Mardia & Jupp (2000). It is normally distributed with zero
mean and unit variance. First, we test the null hypothesis H0 that the
concentration parameter for the residuals equals the concentration
parameter for the observations. The test statistic takes the values −10.1,
−1.1, and +10.8 for the residuals for models A, B, and C, respectively.
Accordingly, we reject the null hypotheses H0{κ(A)=κ(Z)} and H0{κ(C)=
κ(Z)}with 95% confidence. In otherwords, our 2-faultmodelfits the data
better than does the zero Z model; the 1-fault model of Biggs et al.
(2006) does not fit the data; and the 25-patch model of Çakir et al.
(2006) fits the data worse than the zero model.

Next we compare the residuals frommodels B and C to those fromA.
The test statistics for null hypothesis H0{κ(B)=κ(A)} and H0{κ(C)=κ(A)}
are +12.2 and +6.7 respectively, rejecting both of them. Accordingly, we
conclude that the two-fault A model fits the data significantly better
than eithermodel B of Biggs et al. (2006) ormodel C of Çakir et al. (2006),
with 95% confidence.

4. Ground truth observations

4.1. GPS surveys

GPS data from two stations established prior to the 24 February
2004 earthquake near the epicentral zone, have been used to measure
the coseismic displacements. Both are part of the Moroccan GPS
network, where measurements have been performed since 1999. To
study the coseismic motion that occurred during the 2004 Al Hoceima
earthquake, one must first account for the long-term secular motion
that occurred prior to it. The NUVEL-1A model and GPS velocity
measurements predict convergence between the Africa and Eurasia
plates in this region at a rate of 3 to 5 mm/yr directed roughly NW–SE
(DeMets et al., 1994; Calais et al., 2003; McClusky et al., 2003).

Recent results from the Moroccan GPS network suggest three
distinct blocks in the Rif domain (Fadil et al., 2006; Tahayt et al., 2008).
These blocks are, from West to East, the Tangier block, the Central Rif
block and the Oriental Rif block. The Al Hoceima seismic zone is
situated between the Central Rif and the Oriental Rif, accommodating
3.4±1.2 mm/yr of motions due to the Africa-Eurasia plate conver-
gence. Two stations near Al Hoceima, BBFH and MDAR, show
velocities of 3.3±2.0 mm/yr toward the SW and 2.3±2.0 mm/yr
toward the NE with respect to Africa, respectively during the time
interval leading up to the earthquake (Fig. 1). The GPS station at BBFH



Fig. 6. (A) Location of recorded aftershocks during the twoweek period following the 24 February 2004 Al Hoceima earthquake. Bars are the twomodeled faults. Rectangle indicates
the cross-section frame. picA, picB and picC-D indicate location of photographs presented in Fig. 7A–C and 7D, respectively. (B) Cross-section orientedWNW–ESE and centred on the
epicentral area, showing the distribution of aftershocks at depth around the two modeled faults. To the left is the N312° fault with predominantly right-lateral strike-slip, the top of
which is located 3 km below the surface. To the right is the N10° fault with predominantly left-lateral strike-slip, the top of which is located 500 m below the surface. In both panels,
filled black symbols denote relocated aftershocks recorded by the temporary array installed after the mainshock. The open symbols denote early aftershocks located using only data
from the permanent seismologic stations.
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is located 30 km to the west of the Al Hoceima seismic zone on the
Central Rif block. The MDAR station sits 40 km to the southeast of the
Al Hoceima seismic zone on the Oriental Rif block.

The two GPS stations were measured before the 24 February 2004
earthquake in February 2001, October 2001, and October 2002, each
time for 24-hour sessions. After the earthquake in 2004, the two
stations were measured from 26 February, for five days and then again
in October 2004 for 24 h. The GPS datawere analyzedwith the GAMIT/
GLOBK software package (Herring, 2002; King & Bock, 2004) to obtain
the coseismic displacement vectors at BBFH and MDAR on the day of
the mainshock. The station positions were extrapolated to the time of
the mainshock, before differencing, to calculate the coseismic dis-
placement, as described in Reilinger et al. (2000) for the Izmit
earthquake. While BBFH experienced a horizontal displacement of
30±4mm toward thewest, MDAR has an insignificant displacement of
5±4 mm (Fig. 5).



Fig. 7. Photos in the damaged area around Al Hoceima taken in March 2004. (A) rock falls near Club Med 8 km south-east of Al Hoceima city, (B) tension crack (12 cmwide) looking
WSW in Iffassyen village 20 km south of Al Hoceima city, (C) secondary rupture looking south observed in Amrabten region 22 km south of Al Hoceima. Thewestern side dropped, (D)
the same surface rupture looking north. The throw is 25 cm, west side dropped. See locations in Fig. 6A.
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4.2. Previous seismological studies

Previous seismological determinations of the source parameters
for the 2004 Al Hoceima main shock indicate predominately strike-
slip rupture (Fig. 2). To investigate the source, Stich et al. (2005) used a
set of Apparent Source Time Functions (ASTFs) with total duration of 5
to 6 s and concluded that the 2004 Al Hoceima main shock consisted
of two consecutive subevents separated by about 3 s. They find similar
focal mechanisms and parallel faults for the two subevents, although
the relative locations are poorly constrained. The source time function
estimated by Biggs et al. (2006) suggests a longer rupture history that
can be separated into several discrete pulses.

4.3. Aftershock locations

Twenty autonomous seismological stations were deployed during
twoweeks following themain shock in theepicentral zoneofAlHoceima.
The network is shown in Fig. 2. Aftershockmagnitudes were determined
from the coda length using the common relation Md=2 Log τ−0.87,
where τ is the coda length in seconds. This array allows us to locatemost
of the 650 aftershock events of magnitude ranging from 0.5 to 4. In
addition, we relocated the early aftershocks that occurred before
installing the temporary array with MbN3.5 using data from the
Moroccan (CNRST, 2004) and Spanish (IGN, 2004) stations. The relocated
aftershocks define a complex geometry with two principal directions,
trendingNNE–SSWandNW–SE, that are roughly perpendicular (Fig. 6A).
These directions are compatible with both fault planes in the focal
mechanism provided by the USGS. The aftershocks are distributed
differently at depth around the two possible nodal planes. TheNNE–SSW
planeappears tohave rupturedduring themain shock, in agreementwith
macroseismic observations (Dorbath et al., 2005). None of the relocated
aftershock hypocenters is shallower than 2 km in depth (Fig. 6B). Focal
mechanisms for 70 of the aftershocks have been estimated. They show a
horizontal minimal stress axis oriented N70° as well as maximal stress
that is horizontal and orthogonal, reflecting the strike-slip tectonic
regime (Dorbath et al., 2005).

4.4. Geological observation of surface ruptures in the field

On April 2004, we investigated the free surface damaged zone,
searching for any evidence of the fault rupture associated with the
main shock. No clear primary seismically ruptured surface has been
observed. The fissures mapped by Aït Brahim et al. (2004) define a
zone starting at Al Hoceima Bay and continuing about 25 km to the
SSW–SW. Minor cracks of orthogonal directions (NNW–SSE to NW–

SE) have also been observed in the epicentral area (Fig. 6A).
Most of the observed features are tensile cracks that opened

between 2 and 10 cm. In addition to landslides and rock falls triggered
by the earthquake, several breaks of a hundred meters in length show
small scarps with throws as large as 25 cm in some places. Fig. 7 shows
some of these surface effects.

5. Discussion

To fit the INSAR data, we suggest a model with two abutting,
conjugate faults (Fig. 8). INSAR provides a strong constraint on the
location and geometry of the faults. The location and parallel
geometry of the two faults suggested by Stich et al. (2005) arenot
compatible with the deformation pattern observed in the coseismic
interferograms. While the strike of N11° is close to one fault (N10°) in
our model, the strike of the second event in our model is
perpendicular to theirs. However, because seismic observations from



Fig. 8. Tectonic interpretation of the cross-fault model (thick bars) inferred in this study.
Their corresponding focal mechanisms are represented by gray beachballs. Dashed line is
our interpretative trend of the cross-fault system separating the Central Rif block from the
Oriental Rif block distinguished recently from GPS analysis (Fadil et al., 2006; Tahayt et al.,
2007). Arrows indicate the relative movements of these blocks with respect to the Africa
plate. The 1994 rupture is from Akoglu et al. (2006). Other tectonic features as in Fig. 1.
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stations distributed mostly on the north side of the epicenter, as used
by Stich et al. (2005), cannot distinguish between conjugate fault
planes, our two-fault model is compatible with both the geodetic and
seismological observations.

The correlation of SPOT5 images, with dm-level of uncertainty as
used here, confirms that the Al Hoceima rupture did not reach the free
surface. From previous work, we estimate that this technique could
detect a coherent surface throw as small as 0.2 pixel or 50 cmwith the
SPOT5 images used here. For example, throws of 3 m during the Izmit
earthquake (1999), 0.8 m during the Bam earthquake (2003) and 5 m
during the Kashmir earthquake were all clearly detected by correlat-
ing, respectively, 10-m resolution SPOT images (Feigl et al., 2002), 2.5-
m resolution SPOT5 images (Binet & Bollinger, 2005) and 15-m
resolution ASTER images (Avouac et al., 2006). In the case of Al
Hoceima, the correlation of the two SPOT5 images confirms that no
surface rupturewith a throw larger than 50 cm occurred during the Al
Hoceima earthquake. By averaging the offset values in profiles across
the modeled faults, we can tighten this bound to 5–10 cm (Fig. 4).
Indeed, in its limit of applicability, optical image correlation allows us
to exclude any principal surface rupture. In other words, if the 85 cm
of slip we infer from the InSAR data reached the surface, it would
appear as a significant offset in the SPOT correlation results presented
in Figs. 3 and 4.

A similar “cross-fault” model has been suggested by Hudnut et al.
(1989) in the Superstition Hills, southern California, to explain the
occurrence of two MwN6 events there in 1987. There, the two earth-
quakes occurred on distinct faults with surface offsets. Their epicenters
were 10 km apart. In the case of Al Hoceima, such a cross-fault model
appears to be compatible with the seismologic and geodetic data
considered here.

On the other hand, the strikes of the two candidate fault planes are
difficult to reconcile with the orientation of the surface ruptures
observed in the field. One possibility is that the small fissures and
scarps are secondary features caused by slumping and downhill
motion of soil and unconsolidated sediments during the earthquake
shaking. Another, more speculative, possibility is that the free surface
changes the orientation of the stress field such that the fissures at the
surface form an acute angle with the fault plane. Although angles of
10° to 20° have been observed and can be explained by Riedel shear
(Scholz, 2002), the angle at Al Hoceima is at least 35° to 40°. Such large
angles can develop in some theoretical models (Belardinelli et al.,
2000; Dalguer et al., 2003). The angle between the surface fracture
arrays and the main fault is roughly proportional to the coefficient of
friction, and therefore depends on local conditions, including pore
fluid pressure, near the free surface.

Abutting faults have also been inferred in other earthquakes. For the
Bam (Iran) 2003 earthquake, two subevents ruptured two parallel right-
lateral strike-slip faults intersecting at depth based on InSAR observa-
tions (Funning et al., 2005). Two subevents were also inferred from
broadband body wave seismograms (Jackson et al., 2006). Yet
Stramondo et al. (2005) propose a single rectangular fault plane. From
this example, it is clear that extra information fromother techniques can
be helpful to constrain model parameters along with the InSAR data.

Regarding the timing of the rupture within the Al Hoceima pair of
faults on February 2004, Stich et al. (2005) suggest that the rupture
events on the twoparallel N11° faults in theirmodel are separated by 3 s.
In ourmodel,we suggest that the rupture initiated in theN10° plane and
then transferred to the N312°-striking fault. Although the geodetic
measurements cannot constrain this time delay, it seems likely that the
stress concentrationonbothplanes triggered theaftershocks (Fig. 6).We
find geodetic moments of 2.80×1018 N m for the N10° plane, and
3.08×1018 Nm for the N312° plane. Consequently, the geodeticmoment
magnitude is Mw=6.3 for each of the two events, assuming a shear
modulus of 30 GPa. These values are slightly larger than those (Mw=6.2
andMw=6.0) estimated fromwaveform inversion by Stich et al. (2005).
The geodetic estimate of moment is larger than the seismological
estimate, as observed in other earthquakes (Feigl, 2002).

The NW–SE cluster of aftershocks does not appear to alignwith the
N312° striking fault (Fig. 6). This result does not contradict our model.
Most of the locations of the events in the SE part of this area have large
uncertainties because they occurred before the temporary array of
seismometers was installed. These early events were located using
only seismograms recorded in the first few days following the main-
shock at permanent stations. The later events recorded by our dense
network have smaller uncertainties in location than the early events
(Fig. 2 and 6). The apparent discrepancy posed by this cluster may also
be due to complexities in local geology and seismic velocity.

Such a complex rupturewith two subevents has occurred before in
the Al Hoceima region. Bezzeghoud & Buforn (1999) distinguished two
subevents for the 1994 earthquake from body wave inversion and
suggested two faults striking N–S and NNW–SSE. Recently, both Biggs
et al. (2006) and Akoglu et al. (2006) have suggested a cross-fault
model for this area by combining the 1994 and 2004 faults. Biggs et al.
(2006) also discuss the geometric similarity between the 1987 Super-
stition Hills earthquake pair (Hudnut et al., 1989) and the 1994–2004
Al Hoceima pair. They point out that the stress transfer needed in a
cross-fault mechanism can take a long time. In the first case, the time
delay was 11 h; in the latter case it was 10 years. During the 2004 Al
Hoceima mainshock, the delay was only 3 s between the two
subevents (Stich et al., 2005).

6. Conclusions

INSAR data from the ENVISAT satellite have been used to constrain
a model for the source mechanism of the Al Hoceima earthquake in
2004. Simple fault models with only a single slip patch do not fit the
interferograms well. Tests with two faults indicate that rupture was
related to a cross-fault mechanism, supported by the two subevents
inferred from seismology. We suggest that the rupture initiated on the
N10° left-lateral strike-slip fault and transferred to the N312° right-
lateral strike-slip fault. The moment magnitude inferred from our
model is Mw=6.3 for each of the two subevents. Comparison with
previous studies indicates that the two-fault model inferred here fits
the InSAR data better than two other published models. Neither of the
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hypothesized faults of the 2004 Al Hoceima earthquake appear to
have ruptured the surface. This interpretation is supported by the
optical remote sensing data from SPOT5, as well as with ground based
observations by geodesy, seismology and geology.

We suggest that the pair of crossed faults activated in 2004 is part
of a complex buried faults system trending roughly NNE–SSW. As
sketched in Fig. 8 and discussed above (Sections 1 and 4.1), this fault
system plays an important role in accommodating the relative block
motions within the present-day tectonic regime (Fadil et al., 2006;
Tahayt et al., 2008). A more detailed study of stress changes in this
region is needed to evaluate the seismic hazard in this populated area.
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