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INTRODUCTION

Landslides represent a major natural hazard, 
particularly in mountainous regions. They can 
cause significant damage, both human and mate-
rial, as evidenced by the tragedy in July 2019 near 
Asni, south of Marrakech, where a mudflow and 
rock debris buried a vehicle, resulting in 15 fa-
talities. These phenomena, often linked to seismic 
events such as the Al Haouz earthquake or intense 

rainfall, lead to destructive impacts on infrastruc-
ture and permanently alter the morphology of the 
terrain. In northern Morocco, the rugged relief of 
the Rif Mountain range, resulting from complex 
geological processes, promotes slope instability, 
which adds to the hydro-climatic risks affecting 
the entire country (Khaddari et al., 2023; El Id-
rissi et al., 2024; Rahoui et al., 2024). Rainfall, 
tectonic deformations, and earthquakes exacer-
bate these risks, making the region particularly 
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vulnerable to landslides (Millier-Lacroix, 1968; 
Azzouz et al., 2002; Labriki, 2020).

Our current study focuses further north in the 
Rif Mountain range, on the Trougoût watershed, lo-
cated in the northwest of Driouch Province on the 
Mediterranean coast, extending across the torrential 
slopes bordering the Nekor plain and Al Hoceima 
Bay to the east (Fig. 1). This region is prone to com-
plex gravitational movements, typically slow-mov-
ing, occurring on moderate to steep slopes. These 
movements can take various forms, including land-
slides evolving into flows, known as “Earth flows” 
(e.g., Malet et al., 2004; Hungr et al., 2014; Carrière 
et al., 2018). These are continuous and progressive 
geological phenomena that can develop over long 
periods, ranging from a few months to several years 
(Dikau et al., 1996; Flageollet, 1996; Cruden and 
Varnes, 1996). Moreover, a thorough understand-
ing of the mechanisms and processes driving these 
phenomena is essential for risk management and the 
safety of populations living in this region.

The main goal of this study is to investigate the 
triggering mechanisms of landslides by analyzing 

a representative case: the flow-like landslide of 
Takariast (Fig. 1c), situated on the northern slope 
of the Trougoût watershed. This research also in-
volves the detection and mapping of landslides 
throughout the entire Trougoût watershed. As the 
first study of its kind in the region, it offers a valu-
able contribution to the evaluation of landslide 
risks in this highly vulnerable area. Such landslides 
are prevalent on this slope and play a crucial role 
in supplying sediment to torrents, with torrential 
rainfall being a primary triggering factor.

STUDY AREA

The study area encompasses several morpholog-
ical units that constitute the Trougoût torrent, which 
is developed within the bedrock of the Ketama unit 
(Maurer, 1968). The torrent valley is characterized 
by steep, incised slopes and a rugged topography 
(Fig. 1). During episodes of intense rainfall, water 
rapidly flows through the watershed, significantly 
increasing the torrent’s discharge. This leads to the 

Figure 1. Geological and structural context of the Trougoût Watershed: (a) atructural map of the eastern Rif 
after Frizon de Lamotte (1985) and Negro et al. (2007), in Michard et al. (2007); (b) geological map of Trougoût 

(extracted from the geological maps of Al Hoceima (Choubert et al., 1984a) and Boudinar (Choubert et al., 1984b) 
at 1:50000 scale); (c) map of the Takariast flow-like landslide on the northern slope of the Trougoût Watershed
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rapid formation of temporary streams and small gul-
lies, which erode rock and clay materials along their 
paths. The low infiltration capacity of clayey soils 
exacerbates erosion along the banks, making clay 
walls unstable and prone to landslides when satu-
rated. These processes result in rapid alterations to 
the watercourse. Torrential rains also contribute to 
the transport of substantial sediment loads into the 
torrent. As the torrent reaches the Nekor plain, its 
flow velocity decreases, reducing its capacity to 
transport sediments. Consequently, the transported 
materials are deposited, gradually forming a wide, 
fan-shaped alluvial cone.

Furthermore, the torrent, shaped within the de-
formed and thrust bedrock of the Ketama unit (An-
drieux, 1971), is situated in close proximity to the 
Nekor fault (Fig. 1a), a major trans-Alboran strike-
slip structure in the region (Morel, 1987; Meghraoui 
et al., 1996; Chalouan et al., 2006). To the north, the 
bedrock is overlain by lava intrusions and the ter-
minal flow of the Neogene volcanism of Ras Tarf 
(Hernandez et al., 1987; Aït Brahim et al., 1990). 
To the east, the area is bounded by the post-nappe 
Boudinar basin, which formed during the Upper 
Miocene (Guillemin and Houzay, 1982; Barhoun 
and Wernli, 1999; Azdimousa et al., 2011), follow-
ing the earliest volcanic activities (El Azzouzi et al., 
2014). To the west, the area terminates in the Nekor 
plain, marked by the terminal lobe of the torrent. 
From a lithological perspective, two superimposed 
units can be distinguished (Fig. 1b):
	• Beni Boû Yacoub Unit: This unit consists of 

marly schists from the Upper Cretaceous, in-
terbedded with limestone bundles that transi-
tion into massive limestones of Jbel El Kama. 
It also includes mixed zones containing blocks 
of Jurassic limestone or dolomite, as well as 
marl-limestones from the Lower Cretaceous 
(Choubert et al., 1984).

	• Ketama Unit: Composed primarily of gray to 
black sericitic schists from the Albian-Aptian, 
this unit exhibits a pink coloration along the 
abnormal contact with the Upper Cretaceous. 
Locally, it is characterized by an abundance 
of quartz-sandstones (Andrieux, 1971; Chou-
bert et al., 1984).

METHODOLOGY

An integrated methodology was adopted to 
study the landslide in the Trougoût watershed, 
focusing on the geological characteristics, soil 

properties, local hydrology, and precipitation pat-
terns, within the specific context of the Takariast 
flow-like landslide. This approach includes a mor-
phodynamic analysis based on satellite imagery 
from the Google Earth database, correlated with 
observed precipitation variations between 2004 
and 2023. Fieldwork was also conducted to iden-
tify the type and conditions of the movement, as 
well as to collect samples for the geotechnical 
characterization of unstable materials.

Role of precipitation and morphodynamic 
evolution of the landslide

Initially, a morpho-dynamic map was devel-
oped using geospatial data analysis from high-
resolution satellite imagery provided by Google 
Earth, complemented by topographic and geologi-
cal maps at a 1:50,000 scale. These data provided a 
detailed understanding of the terrain configuration 
and facilitated the identification of areas showing 
signs of ground movement. Remote sensing and 
photo-interpretation techniques were subsequently 
employed to map landslides across the watershed.

To explore the relationship between land-
slide dynamics and precipitation in the region, 
a morpho-dynamic analysis was conducted on 
the unstable site of Takariast. This analysis was 
based on a series of Google Earth images cov-
ering the period 2004–2023 and precipitation 
data extracted from the NASA Power platform 
for the same period. The results enabled the re-
construction of terrain deformation evolution 
and the identification of key geomorphologi-
cal features associated with landslides (scarps, 
cracks, tension fissures, soil deformations). Fi-
nally, an activity map was produced to repre-
sent the density of fractures and tension cracks. 
This map provides a precise visualization of ac-
tive landslide zones, distinguishing areas with 
significant movements from those with poten-
tial instability.

Field data collection

Field data collection for the Takariast land-
slide study involved direct field observations, 
geological surveys, and sample collection. 
These methods provided valuable data on the 
materials involved in the landslide, interpreta-
tion of the movement type, and mapping of the 
geological structure and morpho-dynamic fea-
tures of the site. These data are crucial for a 
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thorough analysis of the landslide and a better 
understanding of its mechanisms. Direct field 
observations were made to explain the type of 
movement. We meticulously studied morpho-
logical features, paying particular attention to 
cracks, soil deformations, subsidence, and ma-
terial accumulations. Observing the movement 
form helped determine the landslide dynamics, 
direction and speed of displacement, as well as 
tension and shear zones.

Geotechnical characterization of unstable 
materials

As part of this study, three samples were 
collected (see location on Figure 7) to evalu-
ate the behavior of materials involved in the 
landslide in relation to water and to estimate 
the clay content by analyzing parameters such 
as grain size distribution, Atterberg limits, and 
methylene blue value (MBV). Grain size anal-
ysis was performed using a series of sieves to 
separate different soil fractions. The three soil 
samples were sieved, and the weights of the 
different fractions were measured. This anal-
ysis allowed us to quantify the particle size 
distribution and estimate the clay content in 
the soil. Atterberg limits were determined to 
assess the soil’s behavior in relation to water, 
including the liquid limit and plastic limit. The 
liquid limit represents the moisture content at 
which the soil transitions from a plastic to a 
liquid state (Mitchell and Soga, 2005), while 
the plastic limit corresponds to the moisture 
content at which the soil loses its plasticity. By 
measuring the moisture content at which these 
transitions occur, we can evaluate the soil’s 
plasticity and sensitivity to water. MBV tests 
were conducted according to the French stan-
dard NF P 94-068 to determine the specific sur-
face area of clay particles (Hang and Brindley, 
1970; Santamarina et al., 2002) and to serve 
as an indicator of clay content in the soil. This 
test involves adding a methylene blue solution 
to the soil and measuring the amount absorbed 
by the clay particles. The higher the clay con-
tent, the greater the amount of methylene blue 
absorbed. Consequently, the MBV will help 
estimate the content of swelling clays such as 
montmorillonites (Chen et al., 1999) and as-
sess their influence on soil behavior, particu-
larly in terms of deformation, permeability, 
and compressibility.

RESULTS

Morphodynamic evolution of the landslide

Landslide morphology

The morphology of a landslide is a key indica-
tor for characterizing its dynamics, internal mecha-
nisms, and interactions with the underlying sub-
strate (Varnes et al., 1996; Flageollet, 1989; Hungr 
et al., 2014). Detailed analysis of the satellite image 
(Fig. 2) reveals that the Takariast landslide exhib-
its a quasi-viscous dynamic, moving along a pre-
existing failure surface and deforming continuously. 
This morphology reflects a response to gravitational 
stresses and the geomechanical properties of the 
mobilized materials (Labriki et al., 2016; Labriki, 
2020; Taj et al., 2024). The landslide can be subdi-
vided into three distinct morpho-functional entities:
	• Upstream (source zone) – the ablation zone, or 

source zone, is characterized by a main scarp 
with a distinct crown-like morphology, indica-
tive of a major initial rupture in the materials. 
This configuration suggests a rotational or trans-
lational nature of the landslide. The presence of 
open tension cracks reflects shear deformation 
mechanisms induced by gravitational stresses. 
The accumulation of debris at the base of this 
main scarp indicates gravitational collapse, like-
ly linked to hydromechanical conditions and a 
loss of cohesion in the geological formations.

	• Intermediate (transport zone) –  the transport 
zone manifests as a narrow, elongated cor-
ridor, approximately 200 meters long and no 
more than 60 meters wide. This section is 
dominated by slow gravitational flow kine-
matics, where the mobilized material moves 
along a relatively intact sliding surface. The 
geometry of this zone is strongly influenced 
by local slope variations, which condition and 
direct the propagation of movement.

	• Downstream (accumulation zone) – the accumu-
lation zone is characterized by a widened termi-
nal lobe, marked by the accumulation of hetero-
geneous debris comprising materials of varying 
sizes. The slope gradually becomes less steep 
but terminates in an abrupt front with an inclina-
tion ranging between 20° and 30°, reflecting a 
decrease in kinetic energy and a marked slow-
down in flow dynamics. The observed morpho-
logical structures, such as compression ridges 
and frontal bulges, testify to the final compres-
sive stresses and the progressive deceleration of 
the mobilized materials, typical of accumulation 
lobes in flow-like landslides.



365

Ecological Engineering & Environmental Technology 2025, 26(3), 361–377

Collectively, these morphological entities il-
lustrate the kinematics of the landslide and its 
morpho-dynamic evolution. The tension and 
traction cracks, compression ridges, and rounded 
lobes with lateral and frontal bulges observed 
align with the descriptions of Flageollet (1989) 
and Baum et al. (2003). These structures result 
from a complex interaction between the rheologi-
cal characteristics of the materials, the geometry 
of the sliding surface, and the gravitational stress-
es imposed on the system.

Correlation between acceleration periods and 
precipitation

The analysis of precipitation data and the evo-
lution of the Takariast flow-like landslide high-
lights a direct relationship between rainfall events 
and the mechanisms of destabilization, reactiva-
tion, and progressive deformation of the landslide 
body (Fig. 3 et 4). Between 2004 and 2006, low 
precipitation levels maintained a general state 
of stability. The landslide remained latent or in-
active, with limited signs of erosion and intact 
vegetation cover in the source zone. These con-
ditions indicate that, despite a topography prone 
to instability, the absence of prolonged saturation 

contributed to soil cohesion and shear resistance, 
preventing any notable reactivation.

The exceptional torrential rains of October 
24, 2008, had major impacts on the Trougoût re-
gion (Fig. 3), as evidenced by the testimonies of 
the local population. These intense rainfall events 
caused extreme flooding in the Trougoût plain 
(Fig. 3, b1 and b3) and triggered several land-
slides, the most significant of which was the Ta-
kariast landslide. Additionally, basal erosion led 
to the collapse of several cliff banks (Fig. 3, b2), 
further increasing the instability of the terrain. 
An analysis of satellite images between 2007 and 
2009 reveals a notable change in the image from 
September 21, 2009 (Fig. 4), marked by the col-
lapse of the summit portion and the reactivation 
of the Takariast landslide, confirming earlier tes-
timonies. This period includes the 2008 rainfall 
episode, which saturated the soils and generated 
hydraulic overload, drastically reducing the shear 
strength of the materials and triggering gravita-
tional instability. Regressive erosion, facilitated 
by a ravine located at the foot of the ablation 
zone, played a critical role in the initiation and 
propagation of the landslide, a phenomenon also 
observed on the left bank of the Trougoût valley 

Figure 2. Morphology of the Takariast landslide based on photo-interpretation of a high-resolution Google 
Earth image dated March 16, 2014: This Figure illustrates the distinct morphological features of the Takariast 

landslide, as identified through the analysis of a high-resolution satellite image. The photo-interpretation 
highlights key elements such as the main scarp, tension cracks, transport corridor, and the terminal accumulation 

lobe, providing a comprehensive overview of the landslide’s structure and dynamics 
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(Fig. 3, b2). The reactivation of the landslide is 
further confirmed by the absence of vegetation in 
the source area, indicating recent disturbance.

Between 2010 and 2012, precipitation was 
more moderate compared to the previous period but 
sufficient to maintain active landslide movement in 
a fragile geomorphological context. The formation 

of wet depressions, fed by lateral gullies, as well as 
the appearance of lateral ridges and tension cracks, 
reflect progressive deformation associated with pro-
longed saturation episodes. These observations indi-
cate a period of hydromechanical adjustment, where 
soils remained sensitive to water accumulation, pro-
moting slow but continuous displacements.

Figure 3. Annual precipitation trends in the Takariast landslide area between 2004 and 2023 (Precipitation 
data downloaded from https://power.larc.nasa.gov/data-access-viewer/, accessed in April 2024). (a) Annual 
precipitation trends; (b1) Flooding in the Trougoût plain; (b2) Bank erosion on the left bank of the Trougoût 

valley; (b3) Flood level in the village of Trougoût
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The period 2013–2015, relatively dry, saw a 
decrease in precipitation, limiting the effects of pro-
longed saturation. Nevertheless, sporadic rainfall 
events maintained moderate activity, as evidenced 
by the development of cracks in the landslide body, 
reflecting the propagation of internal stresses like-
ly linked to cycles of rewetting and drying. These 
processes highlight that, even during periods of 
reduced precipitation, the soil’s hydraulic memory 
and structural imbalances inherited from previous 
phases can sustain a certain level of activity.

In contrast, between 2016 and 2018, intense 
and frequent precipitation once again saturated 
the soils to a critical point, leading to more pro-
nounced reactivation of deformation processes. 
The appearance of folds in the surface layers, 
chevron structures, and compression fractures at 
the frontal bulge indicate local shortening and in-
creased compressive stresses. These mechanisms 
are characteristic of an active landslide under the 
influence of high pore pressures, exacerbated by 
the soil’s low drainage capacity.

Finally, during the period 2019–2023, a 
slight decrease in precipitation was observed, 
but the landslide continued to exhibit accelera-
tions during wet periods and slowdowns during 
dry periods, illustrating a creep behavior con-
trolled by hydrological variations. This relative 
stabilization of the landslide edges, combined 
with slow but persistent movement, reflects a 
state of progressive adjustment where displaced 
materials equilibrate under moderate gravita-
tional and hydrological stresses.

Hydrological configuration of the site

The landslide is located within the schist for-
mations of the Ketama unit, overlain by a thick 
layer of superficial deposits and slope debris. Wa-
ter sources in the area are scarce, with some points 
corresponding to resurgences fed by the infiltration 
of runoff water, often associated with perched aqui-
fers in the superficial formations. However, water 
is abundant within the landslide body, particularly 
in two wetland areas. The first is located at the base 
of the ablation zone, forming a depression fed by 
runoff water from a gully that cuts through the su-
perficial formations on the right side. The second is 
situated downstream, created by the accumulation 
of flow deposits in the gully bordering the land-
slide on the left side, where these deposits obstruct 
the circulation and flow of rainwater (Fig. 5).

The hydrogeological configuration of the slope 
is complex and directly contributes to the land-
slide dynamics. Gravitational movements generate 
shear fractures and tension cracks, the extent of 
which can be accentuated during dry periods due 
to material shrinkage. This network of cracks, par-
ticularly dense within the moving mass, facilitates 
significant infiltration of rainwater into the flow 
materials. This infiltration alters the mechanical 
properties of the materials, increasing their insta-
bility and susceptibility to sliding.

The landslide is located within the schist for-
mations of the Ketama unit, overlain by a thick 
layer of superficial deposits and slope debris. Wa-
ter sources in the area are scarce, with some points 
corresponding to resurgences fed by the infiltration 

Figure 4. Google earth images showing different stages of the Takariast landslide evolution between 2004 and 2023
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of runoff water, often associated with perched aqui-
fers in the superficial formations. However, water 
is abundant within the landslide body, particularly 
in two wetland areas. The first is located at the base 
of the ablation zone, forming a depression fed by 
runoff water from a gully that cuts through the su-
perficial formations on the right side. The second is 
situated downstream, created by the accumulation 
of flow deposits in the gully bordering the land-
slide on the left side, where these deposits obstruct 
the circulation and flow of rainwater (Fig. 5).

The hydrogeological configuration of the slope 
is complex and directly contributes to the land-
slide dynamics. Gravitational movements generate 
shear fractures and tension cracks, the extent of 
which can be accentuated during dry periods due 
to material shrinkage. This network of cracks, par-
ticularly dense within the moving mass, facilitates 
significant infiltration of rainwater into the flow 
materials. This infiltration alters the mechanical 
properties of the materials, increasing their insta-
bility and susceptibility to sliding.

Analysis of field data

Superficial formations

Colluvium represents the most widespread su-
perficial formation in the studied slope. It results 
from the gradual accumulation of pedological 

materials, weathering products, and loose rocks 
detached from the upper parts of the slope (Fig. 
6a). These materials, transported primarily by 
gravity and runoff over short distances along the 
steepest slope lines, can also be mobilized as mud-
flows during sudden downpours or torrential rains. 
Depending on the climatic conditions that led to 
their formation, colluvium retains some character-
istics of the source materials, while the alternation 
of fine and coarse layers observed in these slope 
deposits highlights the predominant role of intense 
precipitation in their genesis (Fig. 6b).

Furthermore, this area shows evidence of past 
landslide activity, as indicated by the presence of 
chaotic deposits overlying the gray schist forma-
tions of the Ketama unit (Fig. 6c). These depos-
its are interpreted as the product of gradual ac-
cumulations resulting from landslides in adjacent 
slopes. Ancient deposits associated with flow-like 
landslides appear to have filled a pre-existing ir-
regular topography, reflecting a complex slope 
evolution over time.

Geology of the source zone

The source zone of the landslide is charac-
terized by a main scarp approximately 80 meters 
high, composed of Upper Cretaceous marly schists 
belonging to the Beni Boû Yacoub unit (Fig. 7). 
These formations overlie the Ketama unit, which 

Figure 5. Activity map of the Takariast flow-like landslide showing evolution trends, crack distribution, 
hydrographic network, and the presence of two wetland depressions
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Figure 6. Analysis and interpretation of field data: (a) Photograph showing the abundance of superficial 
formations on the slope of the Takariast flow-like landslide; (b) View and interpretive diagram illustrating the 

different layers constituting the superficial formations on this slope; (c) Photograph and interpretive cross-
section showing the boundary between ancient gravitational deposits and the bedrock

Figure 7. Morphostructural map of the Takariast landslide, illustrating the relationship between the landslide’s 
evolution and the underlying geological formations. The map highlights key features such as the main scarp, 

tension cracks, transport zones, and accumulation lobes, as well as the distribution of geological units

consists of gray sericitic schists from the Albian-
Aptian, interbedded with sandstone-quartzite 
layers (Fig. 8). A clear difference in mechanical 
competence is observed between the rock facies, 
directly influencing the landslide dynamics.

In the upper section, the marly schists appear 
highly weathered and fractured, making them 
particularly vulnerable to gravitational processes. 
In the intermediate section, the sandstone-quartz-
ite layers exhibit marked fracture schistosity, 
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increasing their susceptibility to deformation un-
der stress. At the base of the scarp, the sericitic 
schists show a high concentration of tectonic 
deformations, indicating significant structural 
anisotropy, which further weakens this unstable 
slope. The alignment of microstructures and min-
erals, a direct consequence of metamorphism, 
influences the overall behavior of the rock mass. 
Observations at different scales reveal advanced 
material fatigue, largely attributed to shearing 
along schistosity planes, further enhancing the in-
stability of the landslide’s source zone.

Manifestations of instability

The instability features observed in the Ta-
kariast flow-like landslide reflect a complex 
dynamic (Fig. 9a). In the source zone, tension 
cracks, following the circular shape of the main 
rupture zone (Fig. 9e), indicate deformation forc-
es associated with gravitational stresses. These 
cracks are accompanied by the disintegration of 
marly and sericitic schists, as well as the mechan-
ical fragmentation of sandstone-quartzite layers, 

generating debris accumulations at the base of 
this zone (Fig. 9d). Along the edges of the main 
landslide body, vertical shear zones, marked by 
striations aligned with the gravitational move-
ment (Fig. 9a), testify to the frictional forces 
between the displaced materials and the stable 
terrain. These zones are associated with lateral 
compression ridges, reflecting the accumulation 
of lateral stresses in the peripheral materials of 
the flow (Fig. 9b). 

The internal body of the flow, composed 
of heterogeneous materials, is characterized 
by intrinsic instability and slow displacement 
strongly influenced by variations in hydrologi-
cal conditions (Fig. 9c). Although it does not 
exhibit marked shear zones like the edges, ten-
sion cracks and folds indicate a differentiated 
response to fluctuations in pore pressures and 
gravitational stresses. These internal structures 
reflect an alternation between phases of accel-
eration, favored by water saturation, and peri-
ods of slowdown corresponding to the gradual 
dissipation of stresses.

Figure 8. Photograph and interpretive cross-section of the detachment niche (see location on figure 7). This 
figure combines a photograph and an interpretive cross-section of the detachment niche, the area where the 

landslide initiated. The image highlights the intense fracturing observed in the rock formations. The interpretive 
cross-section illustrates how these fractures, along with the structural and lithological characteristics of the site, 

contribute to the instability of the slope
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Geotechnical characterization

Grain size analysis

The grain size analyses of the materials in-
volved in the Takariast flow-like landslide reveal 
differentiated properties that significantly influ-
ence their hydromechanical behavior. The sericitic 
schist sample (Sample 1, Fig. 10, Table 1) exhibits 
a grain size distribution dominated by coarse par-
ticles, with over 97% of grains larger than 31.5 mm 
and a limited proportion of fine fraction (<0.08 
mm) reaching 18.3%. This distribution results in 

high permeability and facilitates rapid drainage, 
limiting generalized pore pressures. However, 
stress concentrations can form along stratification 
planes under partial saturation conditions.

In contrast, the marly schist sample (Sample 
2, Fig. 10, Table 1) shows a grain size distribu-
tion marked by a distinct inflection at 16 mm, fol-
lowed by a significant proportion of fine particles, 
representing 44.8% of the mass. This distribution 
promotes low permeability and high-water reten-
tion capacity, leading to elevated pore pressures 
under saturated conditions. This reduces effective 

Figure 9. Instability features along the Takariast flow-like landslide: (a) Top-down view of the Takariast 
landslide: (b) Lateral compression ridge; (c) Wetland area; (d) Debris accumulation; (e) Tension cracks

Figure 10. Grain size distribution curves of the three samples collected from the unstable Takariast site 
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stress and favors creep mechanisms, increasing 
susceptibility to sliding in these zones.

The sample taken from the landslide body 
(Sample 3, Fig. 10, Table 1) exhibits an interme-
diate grain size distribution, with a fine fraction 
proportion of 34.2% and a more homogeneous 
grain size transition. This configuration reflects a 
balance between plasticity and rigidity, limiting 
sudden deformations while allowing progressive 
and coherent movements. Moderate permeability 
promotes controlled water infiltration, explaining 
the observed water accumulation in the wetland 
depression during torrential rainfall events.

These results highlight the critical role of 
grain size properties in regulating flow-like land-
slide processes. They directly influence perme-
ability, water retention, and deformation mecha-
nisms under external stresses and varying hydro-
logical conditions.

The atterberg limits and methylene blue value (MBV)

The geotechnical analyses of samples from 
the area affected by the slow earthflow landslide 
reveal complex deformation mechanisms closely 
linked to the physico-chemical properties of the 
materials (Table 1). The sericitic schist (sample 1) 
exhibits a high plasticity index (PI = 20) and a rel-
atively low methylene blue value (MBV = 0.63), 
reflecting moderate clay activity dominated by 
minerals such as sericite. This material, although 
showing marked plasticity, is characterized by a 
low cation exchange capacity, limiting its swell-
ing potential but remaining particularly sensitive 
to water saturation. This property, combined with 
the material’s schistosity, promotes progressive 
shear failure. The marly schists (sample 2), on the 
other hand, display a moderate plasticity index (PI 
= 12) and a high MBV (1.31), suggesting strong 
clay activity dominated by expansive phases such 
as smectites or illites. This composition makes 
them highly sensitive to hydrological cycles, with 
a tendency to swell in saturated conditions and to 
crack due to desiccation, leading to a significant 
reduction in cohesion and shear strength.

The landslide body (sample 3), composed of 
slowly displaced materials, exhibits intermediate 
plasticity (PI = 14.8) and moderate clay activity 
(MBV = 1.072). This mixture of fine particles and 
rock fragments has sufficient cohesion to limit 
rapid flow, but its susceptibility to progressive 
deformation under gravitational stresses makes it 
prone to slow creep. These properties, combined 
with persistent saturation, promote poor drainage 
capacity and an increase in pore water pressures, 
which are critical mechanisms in the initiation 
and dynamics of the slow earthflow.

The data collectively highlight the predomi-
nant role of hydrological cycles in the instability 
of the materials. Water infiltration reduces shear 
strength, particularly in the marly schists and the 
landslide body, and amplifies progressive defor-
mations. The properties of the sericitic schists, 
although less active, act as structural weak zones 
facilitating stress concentration. This interaction 
between the intrinsic properties of the materials 
and hydrogeological conditions is a determin-
ing factor in the dynamics of the slow earthflow. 
These results underscore the importance of man-
aging both groundwater and surface water to limit 
the propagation of such gravitational phenomena.

DISCUSSION

The Trougoût watershed, located in the Rif 
Mountain range of Morocco, is a privileged site 
for studying the mechanisms of flow-like land-
slides (Fig. 11). These movements, characterized 
by a fluid and progressive dynamics, are initiated 
through a circular sliding model guided by pre-
existing structural discontinuities, such as stratifi-
cation and fracturing in sericitic and marly schists 
(Giordan et al., 2013; Bertello et al., 2018). Flow-
like landslides in this region are strongly influenced 
by hydrological cycles and the geotechnical prop-
erties of the materials. Prolonged soil saturation, 
combined with toe erosion through undercutting, 
triggers movements that evolve through three dis-
tinct phases: initiation, evolution, and propagation. 

Table 1. Summary of the geotechnical characteristics of the three samples collected from the unstable site of Takariast

Sample Fine fraction Liquid limit (LL)
in (%)

Plastic limit (PL) in 
(%)

Plasticity index 
(PI) MBV

1 18.3 % 43 23 20 0.63

2 44,8 % 39 27 12 1,31

3 34,2 % 40.4 25.6 14.8 1.072
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These phases are conditioned by complex interac-
tions between local morphology, water saturation, 
and the intrinsic properties of the materials (Tav-
enas et al., 1983; Hungr et al., 2014).
	• Initiation (Fig. 12 A) – the initiation phase of 

the Takariast landslide is primarily controlled 
by two key factors: prolonged soil saturation 
and toe erosion through undercutting (Tavenas 
et al., 1983). Saturation leads to a significant 
increase in pore water pressures, reducing ef-
fective normal stresses and promoting materi-
al fluidization (Iverson, 1997, 2005). In marly 
schists, which are rich in expansive clay min-
erals such as montmorillonite, this sensitivity 
to water infiltration is particularly pronounced 
(Chen et al., 1999). Water infiltration through a 
dense network of fractures also activates creep 
mechanisms and gravitational deformation, as 
observed by Van Asch et al. (1984) and Trav-
elletti et al. (2013). These conditions enable 
the retrogression of the main scarp, progres-
sively expanding the source area and altering 
the slope morphology.

	• Evolution (Fig. 12 B) – during the evolution 
phase, a gradual transition from sliding to slow 
flow occurs, influenced by repeated hydrologi-
cal cycles (wetting/drying). These cycles re-
distribute internal stresses and progressively 
adjust the materials within the landslide body 

(Picarelli et al., 2004). The main body of the 
landslide, with a moderate plasticity index (IP = 
14.8), acts as a moderator of the overall dynam-
ics due to its moderate permeability and con-
trolled drainage capacity (Mainsant et al., 2012; 
Coussot, 2005). This behavior is described by 
viscoplastic rheological laws (Coussot and 
Piau, 1994; Malet et al., 2005), reflecting a sub-
tle balance between pore water pressures and 
the intrinsic resistance of the materials.

	• Propagation (Fig. 12 C) – the propagation 
phase is characterized by the downslope mi-
gration of mobilized materials, sustained by 
persistent saturation and regressive erosion. 
The presence of gullies at the base of ablation 
zones amplifies material fluidization (Hungr 
et al., 2014). Wet zones within the landslide 
body act as local hydraulic reservoirs, enhanc-
ing the effects of prolonged saturation and in-
creasing the soil’s susceptibility to sporadic 
reactivations (Zerathe et al., 2016; Fiolleau 
et al., 2021). Hydrological cycles regulate 
the transitions between sliding and slow flow, 
particularly by inducing variations in critical 
stresses proportional to water content (Locat 
and Demers, 1988; Hungr et al., 2014).

Geotechnical properties of materials, particu-
larly their plasticity index and permeability, play 

Figure 11. Morphodynamic map of the Takariast flow-like landslide (Labriki, 2020): This map illustrates a 
comprehensive overview of the processes driving the landslide, from initial detachment to final deposition, and 

is essential for assessing risks and managing landslide impacts in the region
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a key role in the dynamics of flow-like landslides. 
Marly schists, with their high clay activity (MBV 
= 1.31, where MBV represents the clay activity 
index), are particularly sensitive to wetting and 
drying cycles, promoting the progressive flu-
idization of materials (Chen et al., 1999; Hungr 
et al., 2014). In contrast, sericitic schists, with 
their coarse-grained texture and low clay activity 
(MBV = 0.63), limit swelling effects but remain 
vulnerable to progressive shearing along schis-
tosity planes, especially under partial saturation 
(Picarelli et al., 2004). Hydrological cycles also 
influence the internal reorganization of materials, 
profoundly altering local slope morphology. The 
presence of wet zones within the landslide acts 
as a hydraulic reservoir, accentuating the effects 
of prolonged saturation and increasing the soil’s 

sensitivity to sporadic reactivations (Zerathe et 
al., 2016; Fiolleau et al., 2021).

The Takariast landslide shares similarities 
with other flow-like landslides documented in 
various geological contexts. For example, in the 
Apennines, landslides are often triggered by pre-
existing structural discontinuities and intense hy-
drological cycles (Giordan et al., 2013; Bertello et 
al., 2018). In the Alps, movements are influenced 
by the presence of glaciers and snowmelt, which 
increase soil saturation (Mainsant et al., 2012; Fi-
olleau et al., 2021). In the Andes, flow-like land-
slides are often associated with extreme climatic 
conditions and high seismic activity (Zerathe et 
al., 2016). These comparisons highlight the im-
portance of local factors, such as lithology, struc-
ture, and climate, in landslide dynamics.

Figure 12. Conceptual model of the Takariast flow-like landslide evolution: This figure illustrates the evolution of 
the Takariast landslide from 2004 to 2024, showing initial slope failures, debris accumulation, and transformation 

into a flow. Key processes include block falls, rock collapses, and rapid viscoplastic flows driven by surface 
remobilization. The model highlights the role of weathering, gravitational forces, and hydrological changes in 

landslide dynamics. It provides insights into the progression and mechanisms of the landslide over two decades
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CONCLUSIONS

This study highlights the critical role of geo-
technical properties and hydrological cycles in the 
dynamics of flow-like landslides, as exemplified 
by the Takariast landslide in the Trougoût water-
shed. The results demonstrate that materials with 
high clay activity, such as marly schists, are par-
ticularly sensitive to water saturation, leading to 
reduced shear strength and increased deformation. 
In contrast, sericitic schists, with lower clay activ-
ity, exhibit limited swelling but remain prone to 
progressive shear failure. The landslide body, with 
intermediate properties, plays a moderating role, 
facilitating slow creep under persistent saturation.

The study underscores the importance of un-
derstanding flow-like landslides, which pose sig-
nificant risks to infrastructure and communities. 
By elucidating the mechanisms of retrogression, 
fluidization, and pore pressure dynamics, this re-
search contributes to improved landslide prediction 
and management. These findings emphasize the 
need for proactive measures, such as controlling 
water infiltration and stabilizing slopes, to mitigate 
the impacts of flow-like landslides in geologically 
complex regions like the Rif Mountain range.
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