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INTRODUCTION

Morocco, located at the convergence of the 
African and European tectonic plates, experienc-
es high seismic activity and is exposed to risks 
with potentially devastating consequences (El 
Mrabet, 1999; Cherkaoui et al., 1991, 2017). On 
September 8, 2023, at 10:11 PM, a Mw 6.8 (as 
reported by the USGS - United States Geological 

Survey) earthquake struck the Al Haouz region, 
marking one of the most significant seismic 
events in recent decades. The epicenter of this 
major tremor was pinpointed by the Moroccan 
Geophysical Institute in the commune of Ighil, 
Al-Haouz province, approximately 70 kilome-
ters southwest of Marrakech. The human toll was 
tragic, with nearly 3.000 fatalities and over 5.500 
injuries. Beyond the immediate damage caused 
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by seismic shaking, the earthquake triggered 
a series of gravitational movements, including 
landslides, rockfalls, block collapses, and cliff 
failures, which further intensified the devastating 
impact on infrastructure and local communities.

The geomechanical evolution of rock masses 
under seismic activity plays a major role in trig-
gering gravitational movements (Fellah et al., 
1996; Labriki et al., 2019). Earthquakes induce 
structural changes within rocks, notably through 
increased fracturing and displacements along ac-
tive faults. These seismic movements lead to a 
redistribution of internal stresses, weakening the 
rock mass’s mechanical properties and potential-
ly causing gradual or immediate ruptures. Over 
time, the accumulation of these disturbances re-
duces slope stability, making rock masses more 
vulnerable to landslides, especially in tectonically 
active regions (Keefer, 1984; Azzouz et al., 2002; 
Sassa et al., 2007; Havenith and Bourdeau, 2010; 
Labriki et al., 2019.

Although the Mw 6.8 El Haouz earthquake 
that struck the High Atlas region on 8 Septem-
ber 2023 was one of the most powerful seismic 
events recorded in Morocco in recent decades, 
no systematic study has yet examined the spatial 
distribution and characteristics of the co-seismic 
slope failures it triggered. This lack of documen-
tation is scientifically significant, given the well-
known role of such gravitational processes in am-
plifying seismic damage, particularly in structur-
ally complex and mountainous environments. In 
contrast to other tectonically active regions such 
as the Himalayas, Japan, or the Andes, where co-
seismic landslides are routinely inventoried and 
analyzed following major earthquakes, compre-
hensive post-event assessments remain scarce in 
the Moroccan context. This gap limits both the 
understanding of regional slope dynamics un-
der seismic stress and the development of accu-
rate hazard scenarios. The El Haouz earthquake 
therefore presents a unique opportunity to inves-
tigate how strong ground motion interacts with 
lithological, topographic, and structural factors 
to produce slope instabilities across a variety of 
geological settings.

The present study aims to establish the first 
detailed inventory of gravitational movements as-
sociated with the 2023 El Haouz earthquake and to 
analyze their spatial distribution in relation to key 
geological and geomorphological controls. In do-
ing so, it contributes to a better understanding of the 
seismic response of mountain slopes in the Atlas 

range and provides critical insights to improve 
seismic hazard assessment in Morocco (Nouayti et 
al., 2024; Ziraoui et al., 2024), a country increas-
ingly exposed to the combined impacts of tectonic 
and hydro-climatic risks (Khaddari et al., 2023; El 
Idrissi et al., 2024; Rahoui et al., 2024).

GEOLOGICAL CONTEXT

The study area, located in the eastern part 
of the Western High Atlas, is characterized by 
complex tectonics resulting from the inversion 
of the Mesozoic rift within the framework of 
Africa-Europe convergence (Poisson et al., 1998; 
Beauchamp et al., 1999; Frizon de Lamotte et 
al., 2000; Ayarza et al., 2005; Ellero et al., 2012; 
Domènech et al., 2015). This tectonic activity, 
which has deeply influenced the current structure 
of the mountain range, has reactivated ancient 
Mesozoic structures as well as major faults in-
herited from the Variscan orogeny (Proust, 1973; 
Petit, 1976; Piqué and Laville, 1993; Morel et al., 
2000) (Figure 1). Additionally, this reactivation 
segmented the basement into overlapping blocks, 
resulting in a double-verging mountain chain 
with a structural style characterized by “pop-up” 
dome formations (Domènech et al., 2015; Fekkak 
et al., 2018). The evolution of this compressive 
tectonics, which began in the Middle Miocene 
and continued into the Quaternary, has shaped the 
steep reliefs across the entire region (Mattauer et 
al., 1977). The faults and discontinuities created 
within this tectonic framework weaken the cohe-
sion of rock masses, making slopes particularly 
vulnerable during seismic events.

The study area, located within the Paleozoic 
massif of the Western High Atlas (Figure 1 and 
2), is characterized by a lithology dominated by 
metamorphic and magmatic formations. Paleo-
zoic schists, in particular, represent the main 
metamorphic formations, varying in composi-
tion and degree of metamorphism (Moret, 1931; 
Ouanaimi, 1989; Labriki, 1996; El Archi et al., 
2004). Magmatic rocks in the area mainly in-
clude granites, diorites, dolerites, andesites, and 
rhyolites (El Archi et al., 2004; Chacrone and 
Hamoumi, 2005). To the north, these crystal-
line terrains are generally overlain by Meso-Ce-
nozoic cover sequences, primarily comprising 
limestones, marls, sandstones, and conglomer-
ates (Hafid et al., 2006; Fekkak et al., 2018). 
These rocks, often fractured and fragmented, are 
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particularly susceptible to gravitational move-
ments, which are intensified by seismic tremors.

METHODOLOGY

The methodology adopted in this study fol-
lows a technical approach to determine both grav-
itational and tectonic surface deformation caused 
by the earthquake in the Al Haouz region. The 
process involved several key steps:

Interferogram creation

To monitor ground surface deformation fol-
lowing the September 8, 2023, earthquake, radar 

interferometry was implemented. An ascending 
pair of Sentinel-1 radar images (Figure 2) (Ta-
ble 1), captured before and after the earthquake 
(September 3, 2023, and September 15, 2023), 
was used for this analysis. Our analysis is based 
on Sentinel-1 TOPS (Terrain Observation with 
Progressive Scans) data to investigate co-seismic 
ground deformation through radar differential 
interferometry (DInSAR) (Jiun-Yee Yen et al., 
2008; He et al., 2018). 

The interferometric processing was car-
ried out using the ESA SNAP software (version 
9.0.0), which provided a comprehensive frame-
work for handling the various stages of DInSAR 
data analysis (Figure 3).

Figure 1. The structural domains of Morocco (Michard, 1976), red rectangle depicts the study area
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Precise image co-registration – extremely 
precise co-registration of the radar images was 
performed to ensure reliable measurements (De 
Zan and Guarnieri, 2006; Davidson et al., 2013; 
Xu, 2020). This step is crucial to minimize er-
rors due to misalignment between pre- and post-
earthquake images;

Interferogram generation – the interferogram 
was generated by subtracting the flat Earth phase 
and the topographic phase, highlighting the de-
formations associated with the earthquake;

Phase filtering – the phase filtering method 
of Goldstein and Werner (1998), was applied to 
reduce residuals and improve the quality of the 
interferogram. However, the low interferometric 
coherence, due to the region’s complex topog-
raphy and dense vegetation (Michaelides et al., 
2019; Ansari et al., 2020), limited the accuracy of 
the results;

Low-pass filter resampling – to mitigate the 
effects of low coherence, resampling using low-
pass filtering was applied (Scott et al., 2017), 

which allowed for data smoothing and improved 
deformation detection.

Calculation of surface deformation

After exploring and analyzing the interfero-
gram, displacements were calculated from the 
interferometric phase to quantify the spatial de-
formations related to the Al Haouz earthquake 
(Figure 3). To resolve phase ambiguities, the 
SNAPHU algorithm (version 2.0.4) (Statistical-
Cost Network-Flow Algorithm for Phase Un-
wrapping) was used (Chen and Zebker, 2000, 
2001). This algorithm applies a maximum a pos-
teriori (MAP) estimation to reliably unwrap the 
phase. The line of sight (LOS) displacement was 
then converted into a relative ground displace-
ment map. This map was geocoded using the 
‘Range Doppler Terrain Correction’ method with 
an SRTM digital elevation model (DEM) (Small 
et al., 2022). Finally, the displacement map was 
resampled to a 100 m resolution to enhance the de-
tection of large-scale gravitational deformations, 

Figure 2. Geographic setting map surrounding the 2023 Al Haouz Mw 6.8 earthquake. Blue rectangles indicate 
the footprints of the Sentinel-1 images used in this study, and red spheres show the distribution of aftershocks

Table 1. Interferometry pair used in this study (sentinel SAR data download from https://browser.dataspace.
copernicus.eu, accessed in April 2024)

Satelite Pass Rel-Orbit Master
yyyymmdd

Slave
yyyymmdd Time interval days

Sentinel-1 A Ascending 45 20230903 20230915 12



61

Ecological Engineering & Environmental Technology 2025, 26(8), 57–72

while minimizing the influence of small, localized 
surface changes. This spatial resolution enables a 
clearer interpretation of regional deformation pat-
terns by filtering out high-frequency noise and su-
perficial displacements that are not significant for 
the applied methodological approach. Further-
more, in mountainous terrain, such resampling 
helps mitigate decorrelation effects, commonly 
associated with steep topography and dense veg-
etation, thereby improving the overall coherence 
and reliability of the interferometric signal.

Co-seismic and low-displacement   
slope movements

For the identification of co-seismic gravita-
tional processes with emphasis on low-displace-
ment slope failures, our approach is based on the 
analysis of displacement maps generated using 
the DInSAR technique. After producing these 
maps, we sought to distinguish gravitational dis-
placements from tectonic deformation induced 
by the earthquake. Co-seismic low-magnitude 
movements were defined as localized displace-
ment anomalies, clearly separated from the 
broader, continuous ground deformation associ-
ated with the seismic event. These anomalies typ-
ically reflect discrete surface responses, such as 

differential ground motion, large surface breaks, 
or subtle slope deformations, which significant-
ly deviate from the general deformation pattern. 
Their identification was based on the analysis of 
interferometric displacement maps, with particu-
lar attention to areas marked by abrupt displace-
ment jumps, discontinuities, or localized patterns 
characteristic of gravitational slope deformation. 
Once detected, these anomalies were manually 
digitized with high spatial precision and incorpo-
rated into a geographic information system (GIS) 
to support spatial analysis, mapping, and inter-
pretation within structural and geomorphological 
frameworks (Figure 3).

Co-seismic rockfalls with large displacements

Furthermore, the identification of rockfalls 
was carried out using high-resolution images 
from the Google Earth database (Figure 3). A vi-
sual photo-interpretation was performed based on 
images acquired after the Al Haouz earthquake 
on September 8, 2023. This process allowed us 
to rigorously detect and digitize the co-seismic 
rockfall movements triggered by the earthquake, 
through a systematic comparison of pre- and post-
event images. In several cases, the identification 
of these features on interferometric displacement 

Figure 3. Flowchart illustrating the methodology used for mapping co-seismic gravitational movements,
such as landslides and rockfalls, based on DInSAR data interpretation and high-resolution Google Earth imagery
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maps was limited due to loss of coherence caused 
by large rockfall displacements, which exceeded 
the detection capabilities of DInSAR. To address 
this limitation, Google Earth Pro was used as a 
complementary tool for the visual identification 
and manual mapping of rockfall events. Clearly 
visible features -such as detachment zones, run-
out paths, and impact areas- were digitized using 
high-resolution optical imagery, then exported as 
KML files and integrated into our GIS database 
for further spatial and structural analysis.

RESULTS 

DInSAR and displacement data

The interferogram obtained in this study high-
lights a co-seismic deformation field characteris-
tic of compressive movements (Figure 4). This 
earthquake exerted a notable influence on the Pa-
leozoic massif of the western High Atlas, which is 
structured into three distinct zones: the axial zone 
and the northern and southern sub-Atlas zones, 
segmented by longitudinal faults (Mustaphi et al., 
1997; Hafid et al., 2006; Domènech et al., 2016; 
Fekkak et al., 2018). The alignment of patterns 
observed in the interferogram with the local fault 

network suggests that the Al Haouz earthquake 
could be linked to the reactivation of pre-existing 
tectonic structures. Concentric fringes indicate 
differential uplift in a compressive context, with a 
significant impact on the axial zone.

The displacement map, generated from the 
co-seismic interferogram, provides a detailed rep-
resentation of the tectonic deformations that oc-
curred during the earthquake, with uplift exceed-
ing 20 cm (LOS) around the seismic focus. This 
recorded uplift is directly related to the observed 
compressive movements, reflecting a large-scale 
tectonic readjustment in this part of the western 
High Atlas. Consequently, this vertical motion 
triggered co-seismic gravitational movements, 
affecting the entire deformation zone. Thus, the 
displacement map not only shows the general 
tectonic uplift but also reveals the complexity of 
interactions between tectonic and gravitational 
processes in a region particularly sensitive to co-
seismic movements.

These co-seismic low-displacement slope 
movements are expressed as localized anoma-
lies that deviate from the broader ground defor-
mation pattern visible in the interferometrically 
derived displacement map (Figure 5). While 
the overall displacement field primarily reflects 

Figure 4. Interferogram obtained from ascending Sentinel-1 data illustrating the co-seismic deformation induced 
by the Al Haouz Mw 6.8 earthquake (08-09-2023). The colored fringes depict ground surface displacements, 
with each fringe corresponding approximately to 2.8 cm of displacement, providing a detailed view of the co-

seismic effects on the region
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regional crustal shortening associated with com-
pressive tectonic forces, these localized devia-
tions are indicative of gravitational instabilities, 
such as slope creep, lateral spreading, or shal-
low landslides, triggered by the sudden redis-
tribution of subsurface stresses during seismic 
shaking (Figure 5a–c). The occurrence of these 
phenomena, often concentrated along steep 
slopes and near active fault zones, illustrates that 

seismic deformation does not affect the land-
scape uniformly. Instead, it interacts differently 
with geological structures depending on factors 
such as lithology, structural orientation, degree 
of fracturing, and the mechanical predisposition 
of slopes to failure. This underscores the need to 
account for both regional tectonic settings and 
local slope conditions when assessing co-seis-
mic landslide susceptibility.

Figure 5. Co-seismic displacement map derived from previous interferometric data, showing displacements 
in meters with a color legend for interpreting variations. This map highlights several displacement anomalies 

related to co-seismic gravitational deformations: (a) low-displacement slope movements;
(b) gravitational deformations in pop-up structures; (c) large co-seismic slope deformations
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To advance this analysis, we identified and 
manually digitized co-seismic low-displace-
ment slope movements based on localized 
anomalies observed in the displacement map. 
By combining this map with a high-resolution 
digital elevation model (DEM), we were able 
to accurately highlight subtle slope deformation 
patterns that deviate from the dominant tectonic 
displacement induced by the earthquake. This 
integrated approach enabled the identification of 
over 570 distinct co-seismic low-displacement 
slope movement events distributed throughout 
the mountainous region. These movements in-
clude shallow landslides (Figure 5a), slope de-
formations (Figure 5c), debris flows, and gravi-
tational instabilities affecting pop-up structures 
(Figure 5b), all of which contributed to ampli-
fying the earthquake’s impact on both the land-
scape and local infrastructure.

High-resolution Google Earth data

To identify co-seismic rockfalls triggered by 
the Al Haouz earthquake, we utilized high-reso-
lution pre- and post-seismic images from Google 
Earth’s historical database, selecting images cap-
tured just before and immediately after the seis-
mic event to enable effective comparison.

Visual analysis was conducted by closely 
examining areas prone to rockfalls, focusing on 
steep slopes, mountainous regions, and cliffs 
(Figure 6 and 7). We identified indicators of 
rockfalls such as changes in vegetation (despite 
the sparse vegetation in our study area), the ap-
pearance of scars in the form of light-colored 
marks on slopes indicative of landslides, accu-
mulation of debris on roads, at the base of slopes, 
or in riverbeds, and variations in soil color due 
to the exposure of new surfaces (Figure 6 and 
7). By comparing images before and after the 
earthquake, we detected differences and noted 
changes indicative of rockfalls. Affected areas 
were documented using markers for identifica-
tion. To map these co-seismic rockfalls, we em-
ployed the “Polygon” tool in Google Earth Pro to 
delineate the rockfall areas. The data were saved 
and exported with relevant descriptions, dates, 
and annotations to create a GIS database for fur-
ther analysis and interpretation.

The analysis revealed a total of 1.203 rock-
falls, with areas ranging from 113.54 m² to 
1,619,947.45 m², resulting in a cumulative affect-
ed area of 66,025,704.5 m². The average rockfall 

area was 54,884.20 m², with a standard deviation 
of 138,350.02 m², highlighting significant vari-
ability in the size of observed rockfalls. This vari-
ability suggests that the earthquake impacted ar-
eas at various scales, from small superficial slides 
to large, massive rockfalls.

This study demonstrates that the rockfalls in-
duced by the earthquake are primarily concentrat-
ed in areas with a high density of tectonic faults 
and on steep slopes, indicating a close relation-
ship between geological structures, terrain topog-
raphy, and susceptibility to rockfalls. During the 
Al Haouz earthquake, rockfalls typically initiated 
at ridge crests, emphasizing the importance of lo-
cal topographic conditions. The affected areas are 
predominantly composed of highly fractured Pa-
leozoic rocks. This geological fragility, combined 
with mechanical and chemical weathering, in-
creases the likelihood of rockfalls during seismic 
shaking. Therefore, it is crucial to consider both 
geological and topographic factors when assess-
ing co-seismic rockfall risk and improving hazard 
management in seismically active regions.

DISCUSSION 

Earthquake induced landslides are major geo-
logical hazards that pose significant risks to in-
frastructure and populations in tectonically active 
regions. Earthquakes and rainfall are the primary 
triggers for these phenomena, as they significant-
ly increase pore pressure in fractures and voids, 
thereby reducing material cohesion (e.g., Sassa et 
al., 2007). For example, the 2018 Hokkaido East-
ern Iburi earthquake in Japan highlighted the risk 
of recurrence and development of shallow land-
slides in seismic zones (Yoshihara et al., 2023). 
Furthermore, due to micro-relief effects, specific 
parts of slopes are more likely to be affected by 
external forces such as earthquakes (Meunier et 
al., 2008; Fan et al., 2019; Dai et al., 2023). Typi-
cally, earthquakes with magnitudes greater than 4 
are widely recognized for their potential to trig-
ger landslides (e.g., Keefer, 1984; Havenith and 
Bourdeau, 2010). Identifying co-seismic defor-
mations induced by earthquakes is essential for 
understanding and mitigating these risks. Radar 
differential interferometry (DInSAR) has proven 
to be an effective tool for mapping surface dis-
placements associated with both tectonic and 
gravitational movements (Notti et al., 2014; In-
trieri et al., 2017; Del Soldato et al., 2019; Aslan 
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et al., 2020; Bekaert et al., 2020). By analyzing 
DInSAR data, it is possible to detect and char-
acterize the extent of co-seismic deformations, 
which informs risk assessments and guides disas-
ter response efforts.

In this context, the analysis of DInSAR data 
and displacement measurements shows that the Al 
Haouz earthquake generated three distinct types of 
movements contributing to the observed co-seis-
mic deformation in the region. First, a tectonic up-
lift of up to 20 cm in a compressive context affect-
ed the entire axial zone surrounding the earthquake 
(Huang et al., 2024; Bao et al., 2025). This uplift 
results from the reactivation of deep compressive 
faults, leading to significant vertical ground dis-
placement (Figure 5). Second, low-displacement 
gravitational movements were observed (Figure 
9a-c), affecting soft formations on medium to steep 
slopes, primarily composed of Paleozoic rocks. 

These movements concentrate in areas of high tec-
tonic deformation, where weakness planes such as 
fracturing, schistosity, and stratification facilitate 
the formation of slip surfaces during seismic shak-
ing. Third, rapid gravitational movements, includ-
ing rockfalls, cliff collapses, Blocks and Boulder 
falls, were triggered (Figure 7 and Figure 9d-i). 
Similar to movements observed in sandstone, silt-
stone, and granite formations during the May 12, 
2008, Wenchuan earthquake in China (Xu et al., 
2014), the Al Haouz earthquake primarily affected 
geologically fractured and fragmented formations, 
including metamorphic and magmatic rocks as 
well as the Upper Cretaceous Imi N’Tala limestone 
formations (Figure 7). These slope movements 
predominantly occur along steep bedrock escarp-
ments, underscoring the critical role of topographic 
factors in controlling slope stability during seismic 
events. High slope gradients amplify the downslope 

Figure 6. Examples of rockfalls and rock collapses triggered by the Al Haouz earthquake, observed in Google 
Earth images dated 09/19/2023, 10 days after the earthquake (see location in Figure 8, zones A and B). (A1) 

Rockfalls and collapses in the rural commune Aghbar (Lat=30°53’32.77”N; Long=8°29’20.09”W); (A2) 
Rockfalls in a fault zone (Lat=30°54’41.75”N; Long=8°28’11.13”W); (B1) Cliff collapse blocking the road 
near Ighermane village, Chichaoua province (Lat=31°8’58.71”N; Long=8°26’7.50”W); (B2) Cliff collapse 

(Lat=31°9’11.79”N; Long=8°23’57.78”W)
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gravitational force component (Labriki et al., 2020; 
Ajraoui et al., 2025; Labriki et al., 2025), thereby 
increasing the likelihood of failure and promoting 
the detachment of unstable rock masses near ridge-
lines and crests (Figure 9f, g and i). Furthermore, 

the spatial distribution of these movements is 
strongly associated with zones of high fault den-
sity and intense rock mass fracturing, which reduce 
material cohesion and create preferential pathways 
for failure initiation.

Figure 7. The tragic co-seismic collapse of massive rock formations onto the village of Imi N’Tala (see location 
in Figure 8, zone c, Lat= 31° 7’44.85”N; Long= 8°16’4.30”O), resulting in the deaths of more than 80 people; 
(a) Google Earth image taken before the earthquake on 28 December 2022 ; (b) Google Earth image taken only 
five days after the earthquake on 14 September 2024, showing the total destruction of the village caused by the 
collapse of Upper Cretaceous limestone formations at Imi N’Tala; (c and d) two photographs of this collapse, 

illustrating the extent and magnitude of the event
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The spatial distribution map of co-seismic 
gravitational movements (Figure 8), derived 
from the integration of slope gradients, fault net-
works, and manually digitized landslide invento-
ries, provides clear evidence of the topographic 
and structural controls influencing slope failures 
triggered by the Al Haouz earthquake. The map 
shows that both low-displacement slope move-
ments and large co-seismic rockfalls are primar-
ily concentrated along steep ridgelines, often near 
fault intersections or in zones of highly fractured 
rock masses. This distribution pattern emphasizes 
the importance of local slope geometry and tec-
tonic structure in the initiation of gravitational 
instabilities. In contrast to the findings reported 
by Lanxin Dai during the September 5, 2022 Lud-
ing earthquake in Sichuan-China, where small 
landslides were mainly concentrated at the base 
of slopes, our results indicate that failures in the 
Al Haouz region predominantly originated near 
the crests. This contrast underscores the role of 
morpho-structural setting in shaping the spatial 
behavior of co-seismic landslides, particularly in 
regions of high relief such as the central High At-
las. These insights highlight the need to integrate 
slope morphology, litho-structural conditions, 

and seismotectonic context into any regional 
landslide hazard assessment.

Furthermore, the distribution of seismic en-
ergy during the Al Haouz earthquake was largely 
concentrated in the axial mountainous zone of the 
study area (Huang et al., 2024; Bao et al.,2025). 
This energy was primarily dissipated along ma-
jor tectonic structures, including active faults and 
pop-up features, which accommodated the bulk 
of the deformation. The concentration of strain in 
these zones facilitated the triggering of gravita-
tional movements, especially on steep slopes and 
along fault traces, through mechanisms such as 
shearing, mechanical disintegration, grain-size re-
duction, and dilatancy-related weakening (labriki 
et al., 2019). These processes highlight how top-
ographic steepness and geological conditions, 
when combined with intense seismic loading, 
enhance material fragmentation and significantly 
increase the likelihood of slope failure (e.g., Fel-
lah et al., 1996; Azzouz et al., 2002; Labriki et al., 
2019). A striking example of this multi-factor in-
teraction is the catastrophic rockfall that occurred 
in the village of Imi N’Tala (Figure 7), where the 
collapse of massive rock blocks led to the loss of 
more than 80 lives.

Figure 8. Spatial distribution map of rockfalls and low-displacement slope movements induced by theAl Haouz 
earthquake, overlaid on a background representing the relief, slope, and main fault network of the region



68

Ecological Engineering & Environmental Technology 2025, 26(8), 57–72

Figure 9. Field observations of coseismic gravitational processes triggered by the Al Haouz earthquake in 
the central High Atlas: (a–d) cracks, lateral displacements, and rockfalls observed in the commune of Ighil 
(epicentral area); (e) rockslide and road collapse in Idaghassen village; (f) boulder fall near Imi N’Ouzrou 
village; (g) large boulder fall in Tilikente village, Talkjounte commune; (h) co-seismic rockfall impact on a 

vehicle along the Talat N’Yaaqoub road; (i) boulder fall blocking the Oukaimeden road
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CONCLUSIONS 

This study provides new insights into the spa-
tial distribution and characteristics of co-seismic 
gravitational movements triggered by the 2023 
El Haouz earthquake in the Moroccan High At-
las. Through the integration of DInSAR data and 
high-resolution image analysis, we were able to 
detect both high-magnitude slope failures and 
subtle, low-amplitude displacements often over-
looked by conventional methods. This dual-scale 
inventory constitutes the first spatially explicit 
mapping of co-seismic gravitational processes 
in this region, filling a significant gap in the un-
derstanding of their role as amplifiers of seismic 
hazard. The findings highlight several distinctive 
characteristics of these gravitational responses: 
 • Systematic downslope movement along gravi-

tational vectors, contrasting with tectonic 
uplift; 

 • Triggering by seismic ground shaking, espe-
cially on medium to steep slopes;

 • Formation of fractures and surface ruptures 
that may evolve into future landslide planes; 

 • A wide range of displacement magnitudes, 
from millimetric motions in soft terrains to 
large, rapid mass movements in consolidated 
rock units.

By addressing the overlooked contribution of 
co-seismic slope instabilities to seismic risk, this 
study contributes to a more comprehensive un-
derstanding of earthquake-induced surface pro-
cesses in intracontinental mountain belts. It opens 
important prospects for improving seismic hazard 
management, including land-use planning, infra-
structure reinforcement, and risk communication. 
The results also underscore the relevance of de-
veloping early warning systems and predictive 
models that integrate co-seismic mass movements 
into broader seismic risk reduction frameworks.
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