
1. Introduction
The 2023 Morocco earthquake sequence started on 8 September 2023 at 11:11  p.m., local time, with a MW 
6.8 event, followed by a magnitude 4.9 aftershock 19 min later, striking the western sector of the High Atlas 
Mountains in Morocco (Figure 1), characterized by low geodetic strain rates (Koulali et al., 2011; Serpelloni 
et al., 2007). According to the Centre Sismologique Euro-Méditerranéen (CSEM), to the Portuguese Institute for 
Sea and Atmosphere (IPMA) and to the United States Geological Survey (USGS), the earthquake's hypocenter 
was located at a depth of about 20–25 km with its epicenter in the High Atlas Mountains, 70 km southwest of 
the city of Marrakesh. The earthquake was felt as far away as Portugal and Algeria. According to Morocco's 
Interior Ministry, at least 2,901 people were killed, mostly in Marrakech and in five provinces near the epicenter, 
and about 320,000 people were exposed to the earthquake, with the remote villages located in the High Atlas 
Mountains suffering substantial losses and extensive damage. The following seismic sequence was characterized 
by numerous aftershocks almost entirely shallower than the mainshock and located either in a cluster SSE of the 
mainshock (CSEM database), or mainly NNE of the epicenter (IPMA database) within the hanging-wall of the 
mainshock (bottom inset in Figure 1). Fault plane solutions for the main event exhibit transpressional faulting 
(U.S. Geological Survey, 2023), consistent with the direction of active shortening of about 1.0 ± 0.6 mm/yr in 
this sector of the High Atlas belt (Koulali et al., 2011). Previous geological studies (e.g., Bernard et al., 2010; 
Sebrier et al., 2006) have identifies several SW-NE trending compressive and transpressive fault systems, some 
of which were considered active in this area, often representing structures inherited from the Triassic extensional 
tectonic phases. However, the strain partitioning between the different fault systems and the recognition of the 
actual active fault segments is still not completely clear.

Abstract On 8 September 2023 an MW 6.8 earthquake struck the High Atlas Mountains of western 
Morocco, about 70 km southwest from Marrakesh, causing significant devastation and casualties. In this 
study, we investigate a comprehensive geodetic data set, employing interferometric synthetic aperture radar 
measurements to assess the fault segment responsible for the seismic event. Our findings suggest two potential 
fault scenarios: either a transpressive NNW-dipping high-angle (70°) fault related to the Tizi n'Test alignment 
or a transpressive SSW-dipping low-angle (22°) fault associated with the North Atlas Fault, with slip (up to 
2.2 m) only occurring on deeper parts of the fault. While seismic catalogs couldn't definitively determine the 
dip direction of the fault, evidence from mainshock locations, gravity and heat flow data and modeling, and 
active shortening direction suggest the activation of a low-angle south-westerly dipping oblique thrust of the 
North Atlas fault during the 2023 Moroccan earthquake.

Plain Language Summary On 8 September 2023, a powerful earthquake with a magnitude of 6.8 
hit the High Atlas Mountains in western Morocco, causing significant damage and loss of life. In this research, 
a thorough geodetic analysis was conducted using a technique called interferometric synthetic aperture radar 
to identify the causative fault. The results suggest two potential fault scenarios: one involves a steeply dipping 
fault related to the Tizi n'Test crustal structure, while the other suggests a gently dipping fault associated with 
the North Atlas Fault. As far as existing aftershock records do not allow determination of the angle of the fault, 
clues from the locations of the mainshock, gravity and heat flow data and modeling, and the direction of active 
compression suggest that a gently dipping fault was likely activated during the 2023 earthquake in Morocco.
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Here we exploit a large data set of Interferometric Synthetic Aperture Radar (InSAR) measurements (Sentinel-1 
and ALOS-2 satellites) to investigate the ground displacement field and to constrain, by using elastic dislocation 
modeling, the source parameters and slip distribution of the causative fault segment associated with the main-
shock of the sequence. To examine our results, we also exploit the information of the aftershocks distribution and 
the known geologic structures of the area. Finally, we investigate the static Coulomb stress changes induced by 
the mainshock by examining both the contribution to the observed aftershock triggering during the 2023 Morocco 
sequence and to the adjacent fault segments loading.

2. Seismotectonic Settings and Seismicity
Morocco is located at the boundary between the African and the Eurasian plates. The oblique convergent motion 
of the African plate toward Eurasian plate is thus one of the primary drivers of the seismic activity in Morocco, 
with most of the seismicity localized in northernmost Morocco, in the Rif and Alboran Sea (Figure 1), where 
plate convergence trends roughly NW-SE with a rate of motion of about 4 mm/yr (e.g., Calais et al., 2003; Koulali 
et al., 2011; McClusky et al., 2003; Nocquet, 2003; Serpelloni et al., 2007). To the south, the mountainous Atlas 
region is characterized by moderate seismic activity, with clusters of scarce to moderate seismicity along the 
Middle and High Atlas mountain belts (Figure  1), representing the southernmost zone of the Eurasia-Africa 
collision zone.

Few damaging earthquakes have occurred in Morocco in the last century: the MW 6.1–6.5 Al Hoceima 1994, 
2014, and 2016 earthquakes in the Rif and Alboran Sea region, and the MW 5.8 Agadir 1960 event located around 
the boundary between the western High Atlas and the Anti Atlas, respectively (Figure 1). The 8 September 2023, 
MW 6.8, earthquake thus represents the strongest instrumentally recorded event in Morocco and the deadliest 
since the 1960 Agadir earthquake. The last earthquake of comparable size (M > 6.5) in Morocco was probably 
on 11 May 1624 near Fez, located somewhere along the main frontal thrust of the Rif in northern Morocco 
(Cherkaoui et al., 2017) (Figure 1). The few reliable focal mechanisms available on the Atlas seismicity indicate 
a general present-day compressional regime with average NNW-trending P axes (Medina & Cherkaoui, 1991), in 
agreement with an oblique convergence characterized by transpressive deformations. Actual GPS data confirm 
that deformation along the High Atlas is still active, accommodating about 1.0 ± 0.6 mm/yr WNW-ESE oriented 
shortening (Koulali et al., 2011).

Localization uncertainties however do not allow these seismic events to be associated with specific active fault 
zones, with seismic activity distributed in the Atlas region on a system of thrust and strike-slip faults. The major 
fault zones in the 2023 epicentral area are represented by the North and South Atlas border thrusts (North Atlas 
Fault [NAF] and South Atlas Fault [SAF]) (Sebrier et al., 2006) and by the steeply dipping transpressional Tizi 
n'Test Fault (TTF), located in the axial zone of the belt, which some authors consider no longer tectonically 
active (e.g., Sebrier et al., 2006), while others suggest evidence to thrust reactivation (Bernard et al., 2010, 2011; 
Ouayah et al., 2021).

3. Geodetic Data (Sentinel-1 and ALOS-2 InSAR Data)
We used InSAR data acquired by different satellites (Table S1 in Supporting Information S1) to retrieve the full 
coseismic displacement field. In particular, we exploited two ascending and two descending interferograms, 
which involve the Sentinel-1 (C-band) and the ALOS-2 (L-band) sensors, to measure the ground displacement 
related to the 8 September 2023, MW 6.8, earthquake (Figure S1 in Supporting Information S1). The availabil-
ity of interferograms from different sensors and several incidence angles allowed to retrieve the full coseismic 
displacement field, hence to better constraint the source modeling of the causative fault as well. All interfero-
grams were processed using the classical two-steps SAR interferometry implemented in the SARscape® software 
included in the ENVI package. To assess the influence of topography during the InSAR processing we employed 
a Digital Elevation Model (DEM) with a spatial resolution of 30 m from the ALOS World 3D catalog (Takaku 
et al., 2014). To suppress noise, the multi-look ratio of the interferogram was set to 3:6 (range × azimuth direc-
tion) and 3 × 1 for the ALOS-2 and Sentinel-1 data, respectively, resulting in a 20 m final pixel dimension at 
ground. The formed interferograms were then filtered using the Goldstein method (Goldstein & Werner, 1998) to 
improve the signal-to-noise ratio of the result. Then, the phase was unwrapped adopting the minimum-cost flow 
algorithm (Costantini, 1998). Finally, the unwrapped phase was geocoded using the DEM in the UTM WGS84 
reference system.
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The ground deformation retrieved from the four unwrapped interferograms (Figures 2 and 3) is characterized by a 
WSW-ENE striking deformation lobe located in the axial part of this sector of the High Atlas Mountains, between 
the TTF alignment to the south and the NAF border thrust to the north, with a maximum Line-Of-Sight (LOS) 
displacement of about 20  cm around the epicenter (positive LOS values represent decreasing distances from 
the satellite). The observed deformation captured by the InSAR images (Figure 2) suggests that the rupture was 
blind and consistent with either the planes derived from the focal mechanisms of the mainshock, allowing there-
fore the possibility of both the rupture of a steep NNW-dipping or of a gentle SSW-dipping fault, respectively. 
The distribution of the interferometric fringes (Figure S1 in Supporting Information S1) seems to suggest the 
high-angle fault. Displacement outcomes from the ascending and descending interferograms were also decom-
posed to estimate displacement motion for the E-W and vertical directions (Fialko and Simons, 2001) (Figure S2 
in Supporting Information S1).

4. Geodetic Modeling
In this section, we illustrate the results of the geodetic source inversion on two different fault orientations corre-
sponding to (a) a steep NNW-dipping fault scenario and to (b) a gentle SSW-dipping fault scenario, that is, 

Figure 1. Seismotectonic framework of the study area. Solid barbed lines are major tectonic lineaments of the area. 
Seismicity: orange dots are instrumental earthquakes from the ESHM20 unified Euro-Mediterranean catalog (Grunthal & 
Whalstrom, 2012; Rovida & Antonucci, 2021); red stars represent the largest shocks (M > 6), including the 8 September 
2023, MW 6.8, mainshock. The white arrows represent the GPS velocity field of Koulali et al. (2011), showing the Africa 
plate motion relative to Eurasia. The upper inset shows a tectonic sketch of the western Mediterranean region, with the 
red box indicating the area of the main figure. The bottom inset is a sketch map of the active faults (modified from Sebrier 
et al. (2006)) and of the 2023 Morocco seismic sequence. Magenta (Institute for Sea and Atmosphere, available at https://
www.ipma.pt/en/geofisica/sismicidade) and yellow (Centre Sismologique Euro-Méditerranéen, available at https://www.
emsc-csem.org/) circles are the aftershocks of the first month after the mainshock. The box is the area of Figure 3.
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Figure 2. Displacement maps of the 8 September 2023, MW 6.8, Morocco earthquake. Observed (left panels), modeled (middle panels), and residuals (right panels) 
interferometric synthetic aperture radar ALOS-2 ascending and Sentinel-1 ascending and descending unwrapped interferograms based on the high-angle NNW-dipping 
fault scenario. The red star is the mainshock provided by Institute for Sea and Atmosphere with its focal mechanism. Solid lines are the major fault of the area (modified 
from Sebrier et al. (2006)).
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Figure 3. Displacement maps of the 8 September 2023, MW 6.8, Morocco earthquake. Observed (left panels), modeled (middle panels), and residuals (right panels) 
interferometric synthetic aperture radar ALOS-2 ascending and Sentinel-1 ascending and descending unwrapped interferograms based on the low-angle SSW-dipping 
fault scenario. Symbols as in Figure 2.
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testing either the planes as deduced from the focal mechanism solution, and we discuss to what extent which 
scenario is required by the data. We performed the geodetic modeling using rectangular dislocations in an elastic, 
homogeneous, and isotropic half-space (Okada, 1985), following a standard two-steps procedure (e.g., Atzori 
et al., 2009; Cheloni & Akinci, 2020; Cheloni et al., 2010): (a) we inverted the LOS displacements to retrieve the 
fault geometry independently from the seismological solutions and then (b) the best-fit uniform-slip solution is 
used as a priori for the estimation of the coseismic slip distribution. Before modeling, the InSAR displacement 
maps were down-sampled using a resolution-based down-sampling scheme (Lohman & Simons, 2005). We also 
apply positivity constraints and regularize the linear inversion by applying spatial smoothing (using the Laplacian 
operator, Figure S3 in Supporting Information S1). Additional terms consisting of a linear ramp for each InSAR 
interferogram are also included in the inversion.

4.1. Steep NNW-Dipping Fault Scenario

In the first step, we carried out a non-linear inversion of the fault geometry by using a simulated annealing 
algorithm (Corana et al., 1987). The best-fitting uniform-slip model is described by a 250° WSW-ENE strik-
ing and 69° NNW-dipping transpressive (rake about 60°) fault (18 × 22 km) plane, in good agreement with 
the steep dipping plane of the focal solution and with the preliminary USGS finite-fault model (strike/dip/rake 
251°/69°/69°) (U.S. Geological Survey, 2023). The average uniform slip is 1.3 m, which using a value of 30 GPa 
for rigidity, yields an estimated seismic moment of 2.3 × 10 19 Nm, equivalent to a MW 6.8 earthquake. The fault 
top of our model is quite consistent with the surficial trace of the TTF (Figure 4a).

In the second step, we extended the uniform-slip fault to capture the area affected by aftershocks and subdivided 
the fault into small patches of constant size, solving for slip magnitude on each patch, while fixing the rake 
to the best fit value of the uniform-slip solution. The best-fitting slip distribution on the extended fault plane 
(50 × 50 km) is shown in Figure 4a. The data are well reproduced (Figure 2) but the fit to the data does not 
improve significantly passing from the uniform-slip to a variable slip model (Table S2 in Supporting Informa-
tion S1). The coseismic slip distribution model shows a major asperity with peak slip of about 2.2 m, located 
down-dip respect to the hypocenter and roughly contained in the uniform-slip fault, leaving therefore unbroken 
the upper part of the fault where a number of aftershocks, according to the CSEM database have occurred (yellow 
circles in Figure 4). The resulting total seismic moment (2.4 × 10 19 Nm) agrees with a MW 6.9 earthquake.

4.2. Gentle SSW-Dipping Fault Scenario

In this case, the best-fitting uniform-slip solution is described by a 106° WNW-ESE striking and 22° SSW-dipping 
transpressive (rake about 125°) fault (18 × 22 km) plane, in good agreement with the other and gentle dipping 
plane of the focal mechanisms (strike/dip/rake 110°/21°/126°) (U.S. Geological Survey,  2023). The aver-
age uniform slip is 1.2 m, which using a value of 30 GPa for rigidity, yields an estimated seismic moment of 
1.7 × 10 19 Nm, equivalent to a MW 6.8 earthquake. The fault top of this model is quite consistent with one of the 
fault segments of the NAF (Figure 4b). The best-fitting slip distribution on the extended fault plane (50 × 80 km) 
is shown in Figure 4b. Also, in this case, the data are well reproduced (Figure 3) but the fit to the data does not 
improve significantly passing from the uniform-slip model to a variable slip model (Table S2 in Supporting 
Information S1). The coseismic slip distribution shows a major asperity with peak slip of about 2.2 m down-dip 
respect to the hypocenter, thus leaving the upper portion of the modeled fault unbroken, where numerous after-
shocks, according to the IPMA database have occurred (magenta circles in Figure 4). The resulting total seismic 
moment (2.3 × 10 19 Nm) agrees with a MW 6.8 earthquake.

4.3. Static Coulomb Stress Change

Coseismic slip induces changes in static stress that may trigger subsequent earthquakes as well as aseismic slip 
episodes on nearby faults and/or on unbroken parts of the causative fault itself (e.g., Cheloni et al., 2016; Lin & 
Stein, 2004). To investigate these variations, we calculated the static Coulomb stress changes induced by the 8 
September 2023, MW 6.8, mainshock using both our two preferred slip distributions on faults segments with the 
same mechanism as the main event, assuming an effective friction of 0.4, as is commonly used in stress interac-
tion studies (e.g., Akinci & Antonioli, 2013; Freed, 2005).

As expected, the stress on the portions of the fault that slipped during the earthquake is lower, with increasing 
stress on the borders and of the upper parts of the modeled faults (Figure 5), where numerous aftershocks (that 
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are almost entirely shallower than the mainshock) occurred following the 8 September earthquake. In particular, 
if we consider the IPMA database (magenta dots in Figure 5), aftershocks are located mainly NNE of the main-
shock epicenter, in a crustal volume loaded by our high-angle fault solution (Figure 5a), where, in the case of the 
gentle-angle fault model, this area represents the upper portion of the modeled SSW-dipping fault (Figure 5b). 
The CSEM aftershocks (yellow dots in Figure 5), located mainly S of the mainshock, coincide with the upper 
parts of our modeled high-angle NNW-dipping fault (Figure 5a) or with a crustal volume where in the low-angle 
solution we observed increased Coulomb stress (Figure 5b).

5. Discussion and Conclusions
The 8 September 2023, MW 6.8, earthquake represents the largest seismic event affecting the Atlas Mountains 
that has been recorded with modern geodetic measurements. InSAR data show that the mainshock may have 
occurred either on a high-angle (70°) NNW-dipping fault associated with the TTF alignment, or on a low-angle 
(22°) SSW-dipping fault associated with a segment of the NAF, with slip only occurred on deeper parts of the 
fault (Figure 4). Although the distribution of the interferometric fringes (Figure S1 in Supporting Information S1) 
seems to suggest the high-angle solution, the two models fit the data equivalently (Figures 2 and 3 and Table S1 
in Supporting Information S1), which is a common issue for earthquakes on blind faults. InSAR data and focal 
mechanisms enable therefore either possibility.

Figure 4. Geodetic models of the 8 September 2023, MW 6.8, Morocco earthquake. (a) High-angle NNW-dipping fault and (b) gentle-angle SSW-dipping fault 
scenario, respectively, obtained by inverting interferometric synthetic aperture radar data. Solid lines are the major faults of the area (modified from Sebrier 
et al. (2006)). Magenta (Institute for Sea and Atmosphere) and yellow (Centre Sismologique Euro-Méditerranéen [CSEM]) circles are aftershocks between 8 September 
and 12 October 2023. The stars represent the MW 6.8 mainshock and the largest aftershock (M 4.9) of the sequence as located by different agencies (color symbols 
as in Figure 1). The violet box represents our best-fit uniform-slip solution. The violet arrow indicates the estimated slip vector. The inset shows a cross section 
drawn perpendicular to the strike of the modeled fault, showing the amount of slip at depth and the major events (stars) and aftershock (dots) locations, respectively. 
Abbreviations: NAF North Atlas Fault; SAF South Atlas Fault; and TTF Tizi n'Test Fault. Note that many hypocenters were located at a fixed depth of 10 km from the 
CSEM location.
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Even the available seismicity catalogs do not allow us to confidently identify the dip direction of the fault that 
slipped during the 2023 Morocco earthquake. In fact, the different seismic database shows different aftershock 
distributions with the CSEM catalog locating most earthquakes south of the main event (yellow circles in Figures 4 
and 5), while the IPMA database locating them mainly north-northeast of the mainshock (magenta circles in 
Figures 4 and 5). The absence of a robust local seismic network might be a possible reason for this discrepancy. 
Our Coulomb stress analysis suggests that in both cases most of the aftershocks may have occurred in a crustal 
volume positively stressed due to stress redistribution following the 8 September earthquake (Figure 5).

Nevertheless, the following arguments could contribute to unraveling the seismotectonic issue and to constrain 
the real causative source. First, all the different locations (USGS, IPMA, and CSEM) of the 8 September 2023, 
MW 6.8, earthquake do not match the steep NNW-dipping fault solution, being the hypocenters located more than 
15 km to the north-northwest with respect to the fault plane (see inset of Figure 4a). In the case of the gentle 
SSW-dipping fault model there is instead a good correspondence between the positions of the mainshock hypo-
center and our modeled fault (see inset of Figure 4b).

Second, gravity and heat flow data and modeling suggest a relatively thin crust (<40 km) as well as a regional 
scale mantle upwelling and lithosphere thinning (Teixell et al., 2005). As a consequence, based on rheological 
arguments the brittle-ductile transition, which represents a good proxy of the seismic-aseismic boundary (e.g., 
Maggini & Caputo, 2021) of the broader region is certainly much shallower than the Moho and hence most of 
the coseismic rupture surface associated with the high-angle NNE-dipping satellite-based fault model (Figure 4a) 
would be totally unrealistic.

A third possible constraint for selecting the proper fault model and resolving the seismological and satellite ambi-
guities is represented by geodynamic considerations, that is to say the Quaternary (Ait Brahim et al., 2002; Ellero 

Figure 5. Coulomb stress changes produced by the 8 September 2023, MW 6.8, Morocco earthquake. (a) High-angle NNW-dipping fault and (b) gentle-angle 
SSW-dipping fault scenario, respectively. The Coulomb stress changes are computed at a depth of 10 km. Coulomb stress profiles: perpendicular to the modeled fault, 
showing stress imparted by our preferred solution on transpressional NNW-dipping receiver faults (inset in panel (a)) and on SSW-dipping receiver faults (inset in panel 
(b)), together with aftershocks. Symbols as in Figure 4.
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et al., 2012; Skikra et al., 2021) and present-day (Koulali et al., 2011; Sebrier et al., 2006) mean NW-SE horizon-
tal direction of compression across the western High Atlas range. It is also worth to note that the crust (and the 
lithosphere) is largely affected by several major discontinuities inherited since the Paleozoic (Variscan orogenic 
phases), following the Mesozoic rifting and the initial Cenozoic inversion pulses. Accordingly, and combining 
the regional scale fabric (E-W to ENE-WSW trends) and the direction of compression, the western High Atlas is 
undergoing an oblique convergence resulting in a well-documented strain partitioning with high-angle to subver-
tical ENE-WSW trending dextral strike-slip faults (e.g., the Tizi n'Test Fault) and low- to intermediate-angle 
mainly reverse faults (North Atlas Fault and North Jebelet Fault). Once more, our NNW-dipping fault model 
(Figure 4a) should be neglected because with its reverse and left-lateral component of displacement it does not 
fit the above geometric and kinematic constraints. In contrast, the slip vector associated to the low-angle fault 
model (Figure 4b) is roughly perpendicular to the orogenic trend, therefore confirming that the causative fault has 
accommodated the purely contractional component in the frame of this oblique convergence.

As a final comment and as documented by the present work, we wish to stress the importance of integrating the 
interferometric analyses with other geological, tectonic, seismological, and geodetic data to unravel the ambigu-
ities of satellite-based models.

Data Availability Statement
Seismicity used for this research is found online (IPMA database available at https://www.ipma.pt/en/geofisica/
sismicidade; CSEM catalog, available at https://www.emsc-csem.org/). The down-sampled InSAR (Sentinel-1 
and ALOS-2) data used for geodetic modeling in the study are provided online (https://doi.org/10.5281/
zenodo.10403807).

Sentinel-1 data are copyright of Copernicus (2023). ALOS-2 PALSAR2 data are copyright of the Japan Aero-
space Exploration Agency, JAXA (2023) and were obtained in the framework of the ER3A2N543 “Surface 
deformation analysis based on InSAR data.”
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