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This study employs a multidisciplinary approach to identify the seismogenic fault responsible for the Mw 6.8 Al
Haouz earthquake of September 8, 2023, in the Western High Atlas, Morocco. In addition, considering the
oblique slip dynamics and strain partitioning characteristic of the region, the study investigates potential in-
teractions between fault systems at depth. Our new relocation of the mainshock confirms the depth of the
mainshock at ca. 28 km, while our relocated aftershocks reveal clusters concentrated near the Tizi n’Test fault
(TnTf) and aligned patterns consistent with fault-controlled seismicity. Focal mechanisms of the mainshock
indicate a compressive event involving two nodal planes: a high-angle NW-dipping plane and a low-angle SW-
dipping plane. DInSAR analysis generated displacement maps for vertical and horizontal (E-W) components,
revealing an asymmetric SW-verging uplift bounded, in the south, by the NW-dipping Tizi n’Test fault (TnTf).
The Triangular Elastic Dislocation (TDE) method is conducted to simulate complex faults geometries using
geological data and focal mechanism solution.

The NW-dipping TnTf shows a better fit with the observed deformation compared to the SW-dipping Jebilet
Thrust (JTt), which contributed with a minor role. Coulomb stress changes calculated from the TDE model
correlates with aftershocks distribution, further supporting the TnTf as the causative fault, with a partial in-
fluence of the JTt.

Our findings emphasize the value of integrating geodetic observations with advanced modelling to enhance
the understanding of the seismotectonic framework, offering a refined reconstruction of the Western High Atlas’s
deformation processes during the 2023 Al Haouz earthquake.

1. Introduction Al-Haouz earthquake), at an unusual crustal depth. Initial estimations of

the focal depth were given by the U.S. Geological Survey (USGS) at 30.5

On September 8th, 2023, at 23:11 DST, a Mw 6.8 earthquake struck
the Western High Atlas Mountains (WHA) in Morocco, representing one
of the most significant seismic events in recent decades (Cherkaoui and
El Hassani, 2012; Jabour et al., 2004; Pelaez et al., 2007). The main
event occurred 73 km southwest of Marrakesh, in the Al-Haouz province
within the Marrakesh-Safi region (hence the medias denomination of

km, by the Centre Sismologique Euro-Méditerranéen (CSEM) at 26 km,
and by the Global Centroid-Moment-Tensor Project (Global CMT) at
23.8 km. More recently, Bondar et al. (2024) relocated the mainshock at
shallower depths ranging between 9 and 14 km depending on the
relocation method.

The epicentral area is located in the WHA, part of a tectonically
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complex belt characterized by low strain rates (Koulali et al., 2011;
Serpelloni et al., 2007; Skikra et al., 2025b) and low seismicity
(Cherkaoui and El Hassani, 2012; Peldez et al., 2007; Sébrier et al., 2006;
Soumaya et al., 2018). The WHA consist of a double-verging orogen
formed during the Cenozoic convergence of the African (Nubian) plate
towards the Eurasian plate, characterized by a crustal thickness of
32-40 km (Mancilla and Diaz, 2015; Spieker et al., 2014; Timoulali
et al., 2015). The belt is mainly driven by transpressional tectonics,
characterized by two main fault groups (Skikra et al., 2025b and refer-
ences therein): transpressive faults along the orogenic axis and thrust
systems along the orogenic margins (Fig. 1). Focal mechanism solutions
from the USGS and Global CMT indicate that the earthquake can be
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attributed to both a low-angle SW-dipping or a high-angle NW-dipping
fault plane. Both planes are associable to either a low angle thrust or to a
high angle transpressive fault, respectively.

Although the magnitude of the mainshock is significant, no surface
coseismic ruptures were recognized in the field, possibly due to the high
depth of the earthquake hypocentre, leaving uncertainties on the
possible fault responsible for the Al-Haouz earthquake. These un-
certainties are also related to the lack of subsurface data, which is
commonly the key to unravel faults geometry at depth in seismically
active regions (e.g., Barchi et al., 2021; Bello et al., 2022; Carboni et al.,
2024; Ferranti et al., 2024; Ercoli et al., 2023; Porreca et al., 2018).
Therefore, the main techniques to unravel the seismotectonic
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Fig. 1. (@) Location of the study area and simplified geological map of the Western High Atlas (after Lanari et al., 2020a). JTt: Jebilet thrust; HBt: Haouz Basin thrust;
FWHAs: Far Western High Atlas system; TnTf: Tizi n’Test fault; AAMt: Anti Atlas Major thrust. (b) Simplified geological cross section showing the main tectonic

structures and the related kinematic indicators by Lanari et al. (2020a).
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framework of this earthquake, rely mainly on field geology, geodetic
data and modelling; however, these techniques are not commonly in-
tegrated. Yeck et al. (2023), based on slip inversion, suggests a blind
structure as the causative fault. Similarly, Malusa et al. (2024), based on
extensive fieldwork, indicate a newly formed blind structure as a
possible causative fault. Levandowski (2023) suggests how the two
planes indicated by the focal mechanism are geologically plausible for
the area: the gentle SW-dipping plane aligns with stress inversion data,
while the steep NW-dipping plane fits finite fault modelling. Touati et al.
(2024), from a combination of DInSAR analysis and seismic wave data,
supports the high-angle plane hypothesis. Skikra et al. (2025a) examine
the Al-Haouz earthquake by using seismological data,
frequency-magnitude distribution analysis and GNSS information, sup-
porting the TnTf as the seismogenic fault. Further support to the
NW-dipping high-angle solution is given by Huang et al. (2024), whose
DInSAR observations are used as a basis to perform probabilistic
Bayesian inversion, determining a seismogenic fault plane centred at 26
km depth, aligned with the TnTf. Yagi et al. (2024) also preferred the
high-angle NW-dipping plane to perform their teleseismic P-wave
analysis. Nouayti et al. (2024), which integrate geological data and af-
tershocks distribution with magnetic and gravity surveys, suggests the
TnTf as the causative structure, also supporting a more complex geo-
dynamic framework. Conversely, Cheloni et al. (2024) favours the
low-angle SW-dipping plane, based on finite fault modelling integrated
with hypocentre localization, gravity, and heat flow data, linking that
with the North Atlas Fault (i.e., FWHAs). In sustaining a similar hy-
pothesis, Wu et al. (2024) exploited DInSAR and Pixel Offset Tracking
(POT) methods, integrated with the strain model-variance component
estimation method (SM-VCE).

Despite these studies, the current research on the Al-Haouz earth-
quake remains limited to identifying the causative fault, without ac-
counting for the geological complexities of the epicentral area. To
further clarify debated aspects regarding the seismogenic fault and its
relationship with other existing faults, we integrate existing geological
data, an updated relocation of the mainshock and aftershocks, DInSAR
data, Triangular Elastic Dislocation (TDE) modelling of planar and
irregular faults. The DInSAR method is used to derive the coseismic
surface deformation field resulting from the 2023 Al-Haouz earthquake.
The Triangular Elastic Dislocation modelling is used to reproduce the
coseismic deformation by modelling planar (i.e., nodal planes form the
focal mechanism) and irregular fault (i.e., outcropping and mapped
faults) solutions at depth. The modelling enables the simulation of
deformation on one fault as a result of slip induced on another, high-
lighting potential interactions and stress transfer between faults.
Coulomb stress changes are derived from TDE to observe the distribu-
tion of the updated relocated 259 aftershocks, according to the good
agreement of aftershocks distribution with the positive Coulomb stress
changes (e.g., Harris, 1998; Steacy et al., 2005). From this correlation,
we propose that the Tizi n’Test system is the likely causative for the
2023 Al-Haouz earthquake. We also open new insights on possible
locally induced reactivations of faults at depth (i.e., JTt), accommoda-
ting oblique convergence with strain partitioning. In such way, it is
possible to evaluate not only the kinematics of the TnTf but also the
contribution of the JTt, identifying an interplay between these two faults
and formulating a novel detailed reconstruction of the seismotectonic
framework of the 2023 Al-Haouz earthquake and the WHA.

2. Geology of the Western High Atlas

The WHA (Fig. 1a) represents the westernmost and highest portion of
the High Atlas Mountains in Morocco, an orogen elongated for 650 km
from WSW to ENE. The numerous tectonic structures oriented from
WSW-ENE to SW-NE composing the WHA are associated with a wide
dextral shear zone along the entire North Africa (Dias et al., 2011;
Soumaya et al., 2018). The shear zone is related to transpressional tec-
tonics (Ellero et al., 2012; Lanari et al., 2020b) as a consequence of
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oblique convergence of the African Plate relatively to the Eurasian Plate,
oriented NW-SE (DeMets et al., 1994, 2015; Dewey et al., 1989; Ser-
pelloni et al., 2007). The main tectonic structures within the area are,
from north to south (Fig. 1a) : i) the SSW-dipping Jebilet front thrust
(JTt), which confines the WHA in the north with an E-W trend; ii) the
SSE-dipping Haouz Basin thrust (HBt), also known as the Guemassa
fault, crossing the Haouz Basin with a ENE-WSW direction (Fekkak
et al., 2018) and here interpreted as a secondary splay ramping out from
the JTt; iii) the S-dipping Far Western High Atlas thrust system
(FWHAs), composed a series of thrusts oriented E-W; iv) the
NNW-dipping Tizi n’Test (TnTf), striking SW-NE; v) the N-dipping Anti
Atlas Major thrust (AAMt) mainly oriented E-W. The geological cross
section (Fig. 1b) shows the Quaternary kinematic indicators obtained in
the field (Lanari et al., 2020a, 2020b) and the interpretation of the major
tectonic structures at depth. The kinematic indicators of the thrusts (JTt,
HBt, FWHAs) show a main dip-slip motion, with an overall northward
transport direction. The kinematic indicators of the TnTf are more
complex and show both pure dextral strike-slip and dextral transpressive
kinematics.

The building of the WHA is part of the Alleghenian-Variscan orogeny
and is primarily controlled by a major WSW-ENE to E-W dextral shear
zone (Dias et al., 2011). Key structures have governed the evolution of
the mountain belt, among which the TnTf is considered the primary
controlling fault as a major suture (Dias et al., 2011; Mattauer et al.,
1972). Additionally, second-order faults, interpreted as Riedel shears of
the major faults, are present in the region (Dias et al., 2011).

Since the Permian, extension linked to the breakup of Africa led to a
crustal thinning and the formation of a rift basin during the Triassic and
Jurassic (Arboleya et al., 2004; Beauchamp et al., 1996; Laville and
Pique, 1991; Teixell et al., 2003). During the Cenozoic, the tectonic
inversion of the rift basin (Ellero et al., 2020; Gomez et al., 2000; Teixell
et al., 2003) led to the reactivation of several tectonic structures
belonging to the Variscan orogeny and inherited from the Triassic —
Jurassic period, among which is the TnTf. The reactivation occurs in a
transpressive context, characterized by strain partitioning among thrust
and transpressive faults (e.g., Delcaillau et al., 2011; Ellero et al., 2012,
2020; Fekkak et al., 2018; Lanari et al., 2020a; Skikra et al., 2025b). The
strongest tectonic influence derives from right-lateral transpressive
faults with reverse component, with the TnTf being the most prominent
expression (Delcaillau et al., 2011; Ellero et al., 2012). The ongoing
transpression started during the late Eocene (Frizon de Lamotte et al.,
2009; Lepretre et al., 2015, 2018), with the main phase initiated in the
middle — late Miocene (Balestrieri et al., 2009; Barbero et al., 2011;
Domenech et al., 2016; Ghorbal et al., 2008; Missenard et al., 2008;
Lanari et al., 2020b, 2023a), persisting at lower rates until recent times
(Arboleya et al., 2008; Teson and Teixell, 2008).

Cenozoic exhumation rates, derived from thermochronological
analysis, are estimated to range from 0.1 to 0.2 km/Ma, with faster rates
in the south (Lanari et al., 2020a, 2020b). The WHA high topography is
in contrast with the modest crustal thickening (Teixell et al., 2003),
suggesting that multiple mechanisms other than crustal isostasy (i.e.,
deformation) must be considered (Babault et al., 2008; Lanari et al.,
2023b; Missenard et al., 2006; Teixell et al., 2005). Indeed, since late
Miocene, deformation and exhumation occurred coevally with surface
uplift and anorogenic volcanism (e.g. Clementucci et al., 2023; Lanari
et al., 2020a; Bouiflane et al., 2024). However, Lanari et al. (2023b)
demonstrated that, even if exhumation rates depict a short-wavelength
signature (e.g., tectonics) rather than a large-wavelength one (e.g.,
mantle dynamic), the late Miocene mantle upwelling played a key role
in structuring the High Atlas (e.g., Teixell et al., 2005). Lanari et al.
(2023b) proposed that the mantle impingement eroded the lower lith-
osphere, resulting in crustal weakening, which in turn enhanced crustal
deformation and exhumation; to this it is also linked an overall regional
surface uplift widespread recorded in Morocco (e.g. Babault et al., 2008;
Clementucci et al., 2023; 2024). Conversely, Malusa et al. (2024) pro-
pose a minor role of asthenospheric upwelling, suggesting how the
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region would be more strongly controlled only the by
oblique-convergence of the African and Eurasian plates.

2.1. Seismological framework

The High Atlas are characterized by a general widespread moderate
seismicity, with My, < 5 and epicentres aligned in a NE-SW trend, par-
allel to the WHA direction (Bensaid et al., 2011; Cherkaoui, 1991;
Cherkaoui and El Hassani, 2012; Sébrier et al., 2006). According to
seismicity maps of Morocco, this region is characterized by low seismic
activity. This could be attributed to the lack of proximity to seismic
monitoring stations prior to the network’s expansion, causing
low-magnitude earthquakes (<3.5) to go undetected (Cherkaoui, 1991;
Medina and Cherkaoui, 1991).

Although only a few focal mechanisms are truly reliable, they indi-
cate an overall compressional regime with NNW-trending P-axes
(Sébrier et al., 2006), in agreement with the average NW-directed
Africa-Eurasia convergence as indicated by GNSS data (Serpelloni
et al., 2007). Since 1900, only nine seismic events larger than My 5
occurred. In particular, two seismic events of M,, 5.5 have been recorded
in the eastern Anti-Atlas region (e.g., Cherkaoui, 1991; Medina and El
Alami, 2006; Pelaez et al., 2007; Sébrier et al., 2006). The largest
earthquake ever recorded in the entire region corresponds to the
February 29th, 1960 Agadir earthquake sequence, with a ~6.0 My,
(Cherkaoui, 1991; Cherkaoui and Medina, 1988; Duffaud et al., 1962;
Meghraoui et al., 1999; Mourabit et al., 2014; Timoulali and Meghraoui,
2011). Considering this scenario, the occurrence of the Mw 6.8 Al-Haouz
earthquake represents a singular event to highlight the peculiarity of
intracontinental earthquakes.

3. Data and methods
3.1. Seismicity re-location

The aftershocks following the Mw 6.8 mainshock are initially
manually processed to achieve greater accuracy in location. Subse-
quently, we obtain all the seismic station data (P and S first arrival
times) from the two Moroccan networks (the Scientific Institute of
Mohammed V University in Rabat and the National Centre for Scientific
and Technical Research in Rabat). To these data, we add those from the
Spanish and Portuguese seismic networks. We process 259 aftershocks
from 09.09.2023 to 30.01.2024, among which 202 occurred during
09.09.2023 (Table S1). The new aftershock catalogue consist of,
excluding the mainshock, 23 events with My, > 4, 72 events of 4 < M, <
3,159 events of 3 < M,, < 1, and 4 events of M,, < 1. For the localization
of aftershocks, we use the Hypolnverse program (Klein, 2002) with a
velocity model, in which Vp/Vs = 1.77 (Table 1). The adopted Vp ve-
locities are in conformity with those determined from recent studies in
the area (Spieker et al., 2014; Timoulali and Meghraoui, 2011).

To establish a correlation between seismicity and tectonics, as well as
to ensure a precise and representative analysis, we filter the list of af-
tershocks based on the following criteria in the context of a permanent
seismic network: i) NS > 5; ii) RMS <2.0 s; iii) ERH and ERZ <10 km; iv)
GAP <180°. NS refers to the number of seismic stations that recorded the
event; a minimum of 5 stations ensures sufficient data for accurately
determining the earthquake location and characteristics. RMS (Root
Mean Square error) is a measure of the residual differences between
observed and calculated arrival times of seismic waves; values < 2.0 s
indicates a reasonably good best fit between the calculated and the

Table 1
Velocity model used for the re-localization.

Velocity model

Vp (km/s) 6 6.8 8 8.2 8.3
Depth (km) 0 15 36 80 200
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observed location of the earthquake, suggesting a reliable solution. ERH
and ERZ are the horizontal and vertical location uncertainties of the
earthquake hypocentre, respectively; values < 10 km indicate a good
accuracy and precision for the earthquake location both horizontally
and vertically, considering the network geometry and distance between
seismic stations. GAP refers to the largest azimuthal gap in station
coverage around the earthquake, measured in degrees; GAP <180° en-
sures that stations are well-distributed around the earthquake, mini-
mizing location errors caused by poor station geometry.

3.2. DInSAR

The dataset used in this work is obtained from Sentinel-1A SLC IW
products and consists of two pairs of SAR images, retrieved from
18.08.2023 to 15.09.2023, coupled to generate two interferometric
pairs. Data from the 03.09.2023 and 15.09.2023 are collected over
ascending orbit along track 45, while data from the 18.08.2023 and the
11.09.2023 are collected over descending orbit along track 154. Since
the radar sensor in Sentinel-1 acquires the image using the C-band of the
electromagnetic spectrum (A = 5.6 cm) through the Interferometric
Wide (IW) swath acquisition mode, the spatial resolution of the SAR
image is 2,7 x 22 m to 3,5 x 22 m (range x azimuth) with a vertical
accuracy of A/2 (ca. 3 cm), and a vertical error of A/8 (ca. 0.7 cm)
(Bignami et al., 2019).

The application of the DInSAR technique (Gabriel et al., 1989;
Massonnet and Feigl, 1998), allows to obtain a detailed coseismic
deformation, providing a better understanding of the mechanisms
behind strong seismic events, especially if integrated with field data,
further geodetic observations and modelling. This approach is exten-
sively applied to several worldwide seismic events (e.g., Carboni et al.,
2022; Lanari et al., 2010; Lavecchia et al., 2016; Papadopoulos et al.,
2021; Tondi et al., 2021; Valerio et al., 2020) to identify the seismogenic
faults and/or the coseismic deformation field.

In this work, the DInSAR processing chain is performed using an in-
house developed script, named SNAP2DQuake (Occhipinti et al., 2024),
which is written in Python and based on the library “esa_snappy” fur-
nished by the SNAP software (ESA). The script reproduces automatically
all the steps previewed in the DInSAR workflow, computing the differ-
ential interferograms (Figs. Sla and b) and the corresponding LOS
movement maps (Figs. S1c and d) to generate the vertical and horizontal
displacement field maps (Occhipinti et al., 2024), named VDm and
HDm, respectively. The processing is performed at the Sentinel-1A full
spatial resolution until the interferogram generation, after which a
multi-look operation is applied to increase the signal-to-noise ratio;
finally, the SRTM-3 arcsec Digital Elevation Model (DEM) is used to
remove the topographic phase contribution. The final VDm and HDm,
retrieved through a proper phase unwrapping operation of the in-
terferograms, have a spatial resolution of ca. 27 m/px.

3.3. Triangular Elastic Dislocation modelling

Elastic dislocation modelling is capable of calculate displacement,
induced surface deformation, strains and stresses linked to faulting from
earthquakes occurrence (e.g., Burgmann et al., 2002; Lavecchia et al.,
2016; McGuire and Segall, 2003; Okada, 1985, 1992; Savage and Bur-
ford, 1973). From it, the Coulomb stress changes can be determined in
the area surrounding the active seismogenic modelled fault, which is
demonstrated to be mostly in agreement with aftershocks distribution
(e.g., Harris, 1998; Steacy et al., 2005). Furthermore, the modelling
allows to perform a Slip Tendency analysis, which calculates the like-
liness of a plane to slip in response of the ratio of the resolved shear
stress to normal stress. We perform Triangular Elastic Dislocation (TDE)
modelling using the Fault Response Modelling tool in Move (PE Limited)
software, which is based on the algorithms by Meade (2007). Such
modelling technique, differently from a classical stress inversion, allows
to model irregular fault geometries along both dip and strike as
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triangular mesh. The tool allows to set a range of mechanical and ki-
nematic parameters; the mechanical parameters of the deformed rock
volume are chosen assuming an overall granitic composition (e.g.,
Domenech et al., 2016; Lanari et al., 2020a,b), following common me-
chanical values (e.g., Qin et al., 2020; Zhang et al., 2024). They include
Poisson’ ratio, Young modulus, coefficient of friction, internal friction
angle and cohesion. The kinematic parameters allow to specify detailed
slip directions, amount of slip, rake and slip tapering to obtain also
asymmetric slip gradients such as oblique elliptical areas of slip. The
chosen parameters are shown in Table 2.

The source parameters (strike, dip, rake) used in this work are taken
from the nodal planes calculated by the USGS (Table 2), while the
location of the mainshock is given by our new re-localization. We
initially model two simple planes in accordance with the USGS: one
high-angle NNW-dipping plane oriented N 255° 69° with a rake of 69°
and one low-angle SW-dipping plane oriented N122° 29° with a rake of
132°. Subsequently, we model the main regional faults in agreement
with the nodal planes and mainshock location, which are the JTt and the
TnTf (Fig. 1b). Fault modelling is conducted using surface geological
data (e.g., fault traces) and their interpreted continuation at depth,
passing through the hypocentre. The subsurface fault geometry is
reconstructed based on published interpretations, the mainshock loca-
tion and aftershocks distribution. In this study, the JTt and TnTf faults
are modelled to represent the two nodal planes. The JTt is modelled with
a flat-ramp-flat geometry, where the connecting ramp is linked to the
HBt thrust, here interpreted as a secondary splay of the JTt. Such ge-
ometry reflects the heterogeneous mechanical stratigraphy and multiple
detachment levels described by Missenard et al. (2007). Although there
are no further constraint to extend the JTt up to beneath the WHA, a
similar geometry is already suggested by Ellero et al. (2012, 2020). Both
the JTt and the HBt are considered together as a linked fault system.
Conversely, the TnTf is modelled with a steep geometry, consistent with
structural data from field studies (Ellero et al., 2012, 2020; Malusa et al.,
2024; Missenard et al., 2007; Lanari et al., 2020a, 2020b, 2023b).

The vertical deformation maps generated through TDE modelling are
compared with the DInSAR deformation to identify the best-fit model
and to determine the possible causative fault. Since the Al-Haouz
earthquake was triggered by reverse faulting with a negligible strike-
slip motion, the comparison focused exclusively on the vertical
component of the coseismic deformation (VDm). The Coulomb derived
from the TDE models is compared with the distribution of the newly re-
localized aftershocks and faults’ locations, providing insights into fault
activity and potential induced reactivations. Further to that we exploit
the possibility of an induce slip of the JTt in response to the activity of
the TnTf using the Coulomb Stress change and the Slip Tendency
analysis.

Table 2
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4. Results
4.1. Seismicity distribution

The re-located mainshock, now N 30.96° W 8.44° at 28.3 km depth,
and the re-located aftershocks are more concentrated in proximity of the
TnTf and the AAMt, gradually becoming sparser toward the north and
south (Fig. 2a). In the north, a scattered cluster shows slight northeast
elongation, whereas in the south, a few well-aligned aftershocks trend
southeast. All the aftershocks are plotted into the two sections BB’ and
CC’ (Fig. 2), oriented based on the events distribution, to visualize the
distribution in respect to the faults; projecting only a buffer relatively
closed to the sections would result in too few events. At depth (Fig. 2b
and c), seismicity spans from very shallow levels (less than 2 km) down
to approximately 35 km, confined between the JTt and the AAMf. The
sections of Fig. 2b and c¢ shows two different patterns of seismicity: a
dense shallow distribution and a more dispersed deep cluster. We also
recognize a general temporal migration of the aftershock towards the
north (Fig. 2a) even if it is represented by few events. In particular, the
shallow aftershocks are densely distributed from 2 to 12 km of depth and
bounded by the footwall of AAMf and the antithetic transpressive fault
of the TnTf. Further north, a seismic gap for this shallow distribution is
evident until the FWHAs external thrust. The deep aftershocks are
sparsely located between 10 and 35 km, including the mainshock, and
are grouped between the FWHAs external thrust and the JTt, as upper
and lower boundary structures respectively; the cluster is then well
confined in the north by the HBt. Other few aftershocks occurred below
the JTt.

4.2. DInSAR

The VDm (Fig. 3a) shows an evident general uplift in correspondence
of the mainshock, with a maximum value of ca. 22 cm in the northeast of
the re-localized epicentre. The deformation extends for ca. 50 km in the
N-S direction and more than 60 km long in the E-W direction. The
deformed area, containing a series of thrusts and transpressive faults (e.
g., Domenech et al., 2016; Ellero et al., 2012; Fekkak et al., 2018; Lanari
et al., 2020b), drastically decreases southwards in correspondence with
the TnTf, while the decrement is gentler going northwards, until the
FWHAs external thrust. Thus, the VDm appears constrained between
these two main fault systems. The deformation field, recalls an antiform
geometry, whose axial plane is basically E-W oriented. The antiform
shows a steeper SE-dipping front-limb and a long shallower NW-dipping
back-limb, suggesting an asymmetric SSE-vergence.

The HDm (Fig. 3b) shows two lobes representing a movement of ca.
9 cm towards both the west and the east. The overall deformed area is
again constrained between the FWHAs in the north and the TnTf in the
south. The boundary of the two lobes falls almost in correspondence
with the maximum uplift, i.e., the core of the VDm antiform, suggesting

Mechanical and kinematic modelling parameters including the original nodal planes from USGS, the two modelled simple planes, the irregular TnTf and JTt. The slip
ellipsoid refers to the orientation (i.e., elongation) of the asymmetric area of given slip.

Nodal plane 1

Nodal plane 2

Strike/Dip Rake Mw Depth Strike/Dip Rake Mw Depth

255° 69° 69° 6.8 28.3 122° 29° 132° 6.8 28.3

LxW Slip Slip ellipsoid Depth LxW Slip Slip ellipsoid Depth

22 x 18 km 2.4m - 28.3 22 x 18 km 2.6 m - 28.3

TnTf JTt

LxW Slip Slip ellipsoid Depth LxW Slip Slip ellipsoid Depth

38 x 23 km 23m 300° 28.3 km 41 x 28 km 3m 48° 28.3 km
Mechanical Parameters

Poisson’s Ratio Young’s Modulus Friction Coefficient Internal Friction Angle Cohesion

0.25 30 MPa 0.6 31° 25 MPa
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Fig. 2. Distribution of the re-localized aftershocks and the Mw 6.8 mainshock in map (a) and section views along two sections oriented in accordance to the
seismicity distribution (b, ¢). In map view the seismicity is coloured based on the occurrence time.

that the horizontal component shows mainly the drift of the antiform
flanks in the E-W direction. Therefore, the HDm does not represent a
reliable coseismic deformation, being affected by the vertical compo-
nent, and it is considered negligible.

4.3. TDE modelling

The first Triangular Elastic Dislocation (TDE) modelling solution,
using simple planar fault geometries, involved two planes measuring 22
x 18 km each, with maximum slips of 2.4 m on the high-angle NNW-
dipping plane and 2.6 m on the low-angle SW-dipping plane. The source
is modelled at a depth of 28.3 km, corresponding to the planes’ centroids
(Fig. 4a and b) and calculated based on the USGS nodal planes (Table 2).

Residual analysis (Fig. S2) indicates that the modelled deformation field
for the NNW-dipping plane is more consistent with the observed data
compared to the SW-dipping plane. Most residuals are concentrated in
the northwest, where the modelled vertical displacement (VD) slightly
overestimates the observed DInSAR VD but still aligns well with the
general dip of the antiform back limb, particularly for the NNW-dipping
plane (Fig. 4).

In particular, the modelled deformation associated with the NNW-
dipping plane (Fig. 4a) shows its maximum uplift slightly northeast of
the mainshock, with most of the uplift concentrated north of the TnTf
and less constrained by the FWHAs. These findings are consistent with
the observed DInSAR VD (Fig. 3a). Conversely, the deformation
modelled for the SW-dipping plane (Fig. 4b) indicates the highest uplift
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Fig. 3. Deformation field maps obtained from the DInSAR technique, showing the vertical (Equipotential displacement contours are shown in white) (a) and the E-W

(b) components.

slightly northwest of the mainshock, with the entire deformation field
shifted further west. Most of the uplift is concentrated between the Tizi
n’Test fault (TnTf) and, to a lesser extent, the FWHAs, showing weaker
consistency with the observed DInSAR VD (Fig. S2).

The analysis of the three differently oriented profiles (Fig. 4c—e)
clearly shows that the NNW-dipping plane aligns more closely with the
observed vertical displacement model (VDm) than the SW-dipping
plane. Notably, the E-W oriented profile S4 (Fig. 4c) highlights a sig-
nificant misfit in the deformation field associated with the SW-dipping
plane, with its maximum uplift quite far from the observed DInSAR
VD. From the observation of the profiles, the modelled deformation in
the north tends to dip generally shallower than the observed DInSAR
VD. Furthermore, it is noteworthy that if the modelled planes, which are
confined at depth, were extrapolated to the surface, they would not align
with any of the main outcropping reverse or transpressive faults.

The primary recognized tectonic structures in the epicentre area,
consistent with the nodal planes and the mainshock location, are the JTt,
its splay HBt and the TnTf (Fig. 1b). Being the seismicity in the shallow
northern part well confined by the HBt, which splays out from a ramp of
the JTt, and the modelled slip confined at depths, below the HBt
detachment, we model them together and refer only to the JTt. Residual
analysis (Fig. S3) conducted for both fault models shows that the
deformation field modelled for the TnTf aligns more closely with the
observed data than that of the JTt. Most residuals are concentrated in the
northwestern region, where the modelled VD overestimates the
observed DInSAR VD. For the JTt, the residuals reveal an evident misfit,
with the modelled deformation field exhibiting significant shift
compared to the DInSAR VD (Fig. S3). In contrast, the TnTf model
demonstrates better agreement with DInSAR observations, albeit with
slightly higher values in the northern area. The modelled deformation
associated with the TnTf (Fig. 5a) shows its highest uplift values slightly
northeast of the mainshock, with the deformation well constrained to
the south by the TnTf but less to the north by the FWHAs. In contrast, the
deformation modelled for the JTt (Fig. 5b) is poorly aligned with the
observed DInSAR VD. Its uplift is positioned north-eastward, oriented
NW-SE, and is neither well constrained by the TnTf nor the FWHAs. The

subsidence, located to the WSW, is significantly shifted relative to the
observed DInSAR subsidence.

To achieve the best fit for the vertical deformation, both fault sur-
faces are modelled with a larger slip area than the simple planar
configuration (Table 2). The slip amount for the TnTf remains similar,
while it is significantly higher for the JTt. The modelled slip area and slip
amount for the TnTf are consistent with established scaling relationships
(e.g., Leonard, 2014; Wells and Coppersmith, 1994) and result in a
moment magnitude (M,) of 2.2 1019, which, following Cheloni et al.
(2024), corresponds to a M,, of 6.8.

Conversely, the JTt’s modelled slip area and amount are inconsistent
with scaling ratios and a My, of 6.8, yielding a M, of 1.2 e 10%°, which,
following Cheloni et al. (2024), would be equivalent to a My, of 7.2. The
best-fit modelled slip areas for both faults have an elliptical shape,
aligning with the rake orientation defined by the USGS and consistent
with the likely slip direction (Fig. 5c and d). The slip area modelled for
the TnTf is widest in its lower section (below the mainshock), with its
long axis oriented ENE (Fig. 5c), which effectively represents an upward
propagating reverse slip. In contrast, the slip area for the JTt is more
rounded and elongated downwards, with its maximum width above the
mainshock, and its long axis ESE oriented (Fig. 5d).

If reverse slip movement is assumed, an elongated slip area directed
downward along the fault would be inconsistent with this configuration.
The three selected sections (Fig. 5e-g) emphasize the good fit of the
modelled TnTf and the inconsistencies observed in the modelled JTt.
Along all three sections, the modelled vertical displacement (VD) of the
TnTf aligns well with the observed DInSAR VD, particularly in terms of
the maximum uplift location and the overall dip of the antiform limbs,
which correspond to a SSE-verging asymmetric fold. In contrast, the VD
modelled for the JTt resembles a more symmetric antiform. Although
the uplift is similar, the subsidence pattern significantly diverges from
the observed data.

4.4. Coulomb stress change

Based on the aftershocks distribution, the DInSAR VDm and the TDE
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Fig. 4. Vertical displacement maps obtained from the TDE of the modelled high-angle NNW-dipping plane (a) and low-angle SW-dipping plane (b), also shown along
the NNW-SSE oriented S2 (c), the NW-SE oriented S3 (d) and the E-W oriented S4 (e).

results, we are already confident to exclude a likely main seismogenic
activity of the JTt; therefore, the Coulomb stress change is displayed
only for the TnTf (Fig. 6), also including further 3 sections (Fig. S4). The
Coulomb stress calculation for the JTt is shown in Fig. S5. The Coulomb
stress calculation is a result of the TDE modelling and shows, as ex-
pected, a stress drop in correspondence with the modelled slip area and a
stress rise at its tips (Fig. 6a). In general, the aftershocks are well
distributed with respect to the stress rise lobes induced by the TnTf
activity (Fig. 6a). Given a slip amount which decreases away from the
mainshock, the Coulomb stress change is minimal at 0 km b.s.1., being
comprised between —1 and 2.1 bar (Fig. 6b). At 5 km depth (Fig. 6¢) the
stress change increases reaching —2.3 and 5.3 bar; the aftershocks
located between 0 and 5 km depth are distributed within lobes of both

stress drop and rise, in proximity of the TnTf. In the northeast, a few
aftershocks are located within a northeast propagating branch of the
stress rise lobe; in the south, a couple of isolated aftershocks occur
within an area of slight stress rise. At 15 km depth (Fig. 6d), the stress
drop is the double of the stress rise, however we observe a wider stress
rise distribution, in good agreement with the aftershocks. Further af-
tershocks occur both in the northeast and southeast, in correspondence
with distributed slight stress rise. A couple of aftershocks also occur in
the northwest, in accordance with a propagating stress rise lobe. At 25
km depth (Fig. 6€), which corresponds ca. to the mainshock depth, there
is strong stress drop decrease, reaching —23.6 bar, surrounded by a wide
stress rise area, which reaches 8.1 bar. A new set of aftershocks occur
just north of the TnTf, within the stress rise lobe.
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5. Discussion and conclusions

The integration of existing geological data, DInSAR coseismic
deformation, re-localized mainshock and aftershocks distribution, TDE
modelling, and Coulomb stress change, reveals a complex seismological
framework associated with the 2023 Mw 6.8 Al-Haouz earthquake and
the WHA of Morocco.

The epicentral area is characterized by several transpressive and
thrust faults, simultaneously active to partition the stress originated by
the oblique relative movement of the African Plate with respect to the
Eurasian Plate (e.g., DeMets et al., 1994, 2015; Dewey et al., 1989,
Ellero et al., 2012; Lanari et al., 2020a,b; Serpelloni et al., 2007). Among
them, the TnTf and the JTt have been identified as potential causative
faults based on the mainshock location and focal mechanism. Our DIn-
SAR observations and TDE modelling discard the possibility of the JTt as
the causative fault for the mainshock, but suggest a most likely activity
of the TnTf system. While previous studies have suggested this

Journal of Structural Geology 195 (2025) 105394

interpretation, relying on simplified planar fault models or geodetic and
field data (Yeck et al., 2023; Huang et al., 2024; Nouayti et al., 2024;
Skikra et al., 2025a; Touati et al., 2024), we strengthen this hypothesis
by applying TDE modelling to complex and more comprehensive ge-
ometries accounting for two of the major existing structures: the TnTf
and the JTt. However, we suggest that such an interpretation can only
partially fit the observations and that the seismotectonic framework of
the WHA is more complex, probably involving the activity of more
faults. Malusa et al. (2024) already suggested the possible presence of a
relatively newly formed blind structure which would link existing faults,
responsible for the mainshock; the authors suggest that the activation of
both a low-angle south-west-dipping structure, such as the one sug-
gested by Cheloni et al. (2024), and an existing high-angle NW-dipping
fault, such as the TnTf, would be difficult. However, the possibility to
activate the no-optimal oriented TnTf is already discussed in literature
(Levandowski, 2023; Huang et al., 2024; Skikra et al., 2025a); the au-
thors suggest how the anomalously thin lithosphere and corresponding

Fig. 7. Integrated 3D models showing the DInSAR VD (red line), the 3D aftershocks distribution (black dots) and the 3D models of the TnTf, the JTt and its splay HBt.
The JTt and the HBt are shown with colours representing the Coulomb stress change (a) and the slip tendency (b) in response to the movement of the TnTf. The latter
is shown with colours representing the amount of slip and its gradient in both panels (a, b). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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thermal mechanisms may favour fault weakening. Indeed, earthquake
enucleation at great depths and high temperatures is observed world-
wide, even if related to high strain rate areas (Molnar, 2020). Conversely
the JTt is a optimal oriented structure, with a low dip angle, which may
be easily reactivated in compression (Levandowski, 2023).

In this framework we suggest a new seismotectonic interpretation, in
which both the TnTf and the JTt were activated during the earthquake
sequence, consistently with Nouayti et al. (2024). The mainshock was
promoted by the activation of the TnTf, whose slip of up to 2.3 m, caused
a significant change of the stress field in the surrounding area. Such a
stress field modification promoted the occurrence of the aftershocks
close to the TnTf and mainly in the south, but also induced further stress
to the JTt. The latter, being optimally oriented, slipped and promoted
the occurrence of the sparse aftershocks cluster in the northeast. The
mutual activity of both faults is also well suggested by the aftershocks
spatial and temporal distribution; they tends to migrate northwards
during the days and months following the mainshock and are mainly
distributed in a triangular zone delimited by the TnTf and the JTt
(Fig. 2).

To demonstrate this, we ingest the 3D surface of the JTt in the TDE
modelling as a weaker passive structure to calculate both the induced
Coulomb stress change and its slip tendency, in response to the active
movement of the TnTf (Fig. 7) and its induced stress field. The results
indicate that the induced Coulomb stress drop corresponds to a very low
slip tendency in proximity of the slip area on the TnTf, along the JTt.
Conversely, a Coulomb stress rise at the tips of the TnTf slip area is
associated with a high slip tendency. The slip tendency distribution
along the JTt shows how the fault system may be locked towards the
northwest, while more free to slip towards the northeast. Considering
that the Coulomb stress change given by a slip of the JTt would be
consistent with the northeastern distribution of the aftershocks (Fig. S5),
we suggest that the seismogenic activation of the TnTf affected, in a
relatively later stage, the JTt, which slipped towards the northeast,
promoting the occurrence of the aftershocks in the northeast.

The hypothesis of a near-synchronous activity of both an trans-
pressive fault and a thrust in the WHA is in perfect agreement with the
observed strain partitioning due to oblique convergence (e.g., DeMets
et al., 1994, 2015; Dewey et al., 1989; Ellero et al., 2012; Lanari et al.,
2020a,b; Serpelloni et al., 2007). Such strain partitioning can facilitate
dynamic interactions between distinct fault systems, particularly in re-
gions with oblique convergence as the Western High Atlas (WHA) of
Morocco. Here, east-west striking transpressive faults with dips steeper
than ~55° are generally less prone to reactivation under the dominant
NNW-SSE compressive regime. This limitation arises from the unfav-
ourable orientation of the principal stress axis (c1) relative to the fault
plane and the higher effective normal stress acting on these steeply
dipping structures. High-angle reverse / transpressive faults (> 55° dip),
such as the TnTf, require significantly higher shear stress to overcome
their effective normal stress and initiate slip. This mechanical in-
efficiency under compressional regimes makes such faults less likely to
experience significant seismic activity unless external factors, such as
stress transfer from adjacent faults, low friction or high fluid pressure,
alter the stress field (e.g., Sibson, 2012; Sibson and Xie, 1998). In cases
where high-angle reverse faulting occurs, accumulated stress may
partition onto conjugate and/or near faults.

These structures, having a more favourable orientations, accommo-
date deformation more efficiently. For example, in the WHA, the TnTf
activity could promote stress redistribution to nearby faults such as the
JTt and its splay HBt. This behaviour agrees with the principles of strain
partitioning, where oblique convergence induces complementary fault
systems to collectively accommodate tectonic deformation. This inter-
play between steep reverse faults and other more favourable systems
underscores the complexity of strain distribution in the WHA and
highlights the role of fault interactions in shaping the region’s seismo-
tectonic framework.

The interpretation of dominant long-term activity along the TnTf and
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a more subsidiary role for the JTt is also supported by geological and
geomorphological evidence, including topography, drainage network,
cooling ages and exhumation rates (Babault et al., 2008; Lanari et al.,
2020a, 2020b). Such evidences demonstrate how the topography tends
to be steeper in the southern flank of the WHA (i.e., south of the TnTf),
which is reflected in a steeper drainage network; further to that, the
exhumation rates are faster in proximity of the TnTf than in corre-
spondence of the JTt and HBt. These evidences suggest that the 2023
Al-Haouz earthquake may represent a critical step in the long-term
tectonic evolution of the WHA. The event highlights the importance of
the TnTf in shaping the structural and topographic asymmetry of the
region while highlighting the complex interplay of fault systems in ac-
commodating oblique plate convergence.

Besides the modelling of the TnTf is in good agreement with remote
sensing data and field observations, there may be still one point of open
discussion. The vertical deformations calculated from the TDE model-
ling for all faults, are at least slightly shifted respect to the DInSAR VD
and characterized by higher deformation in the north portion (Figs. S2
and S3). Besides the first order good agreement between the observed
DInSAR VD and the modelled TnTf VD, we believe that the surface
deformation could have been affected by the synchronous activity of
further faults present in the area. Among these, the FWHAs and the
transpressive faults south of the TnTf (Fig. 1) may be the best candidates.
Further research is currently ongoing to characterize a possible syn-
chronous activity of these faults.
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