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Introduction
Complex paleo-landslides (Clague 2015; Francioni et al. 2017) or fos-
sil landslides (Shultz and Harper 2002; Mather et al. 2003; Azañón 
et al. 2005) are considered as some quiescent geomorphic items in the 
current climatic and morphological conditions but capable of being 
reactivated with climate change that serves as a main catalyst (Zaruba 
and Mencl 1982). Only a few studies provide descriptions of complex 
paleo-landslides due to the challenge of identifying them. However, it 
has been shown that fossil landslides can serve as markers of extreme 
events to enhance our comprehension of the connection between 
landslide occurrences and weather patterns. Since the description of 
landslide mechanisms by Varnes (1978) and later works of Dikau et al. 
(1996) and Hungr et al. (2014), there are still some landslides that 
are challenging to classify. In particular, in multilayer environments, 
complex failures due to mechanical contrasts tend to develop (Zerathe 
and Lebourg 2012; Gutierrez et al. 2012; Pasuto and Soldati 2013). Thus, 
the typology of these paleo-landslides becomes crucial as it directly 
influences the definition of its failure model.

In the case of rock slopes, the stability is often controlled by the 
movement of joint-bounded blocks (Stead et al. 2006). Structural fea-
tures such as faults and fractures can initiate landslides (Margielewski 
2006). These types of landslides exhibit a complex failure mode includ-
ing toppling and spreading movements, among others. Pre-existing 
vertical joint sets control the carbonate Larzac plateau (south of 
France), predisposing rock falls, rock topples, and rotational landslides 
of varying scales (Taboada et al. 2017). Joint monitoring reveals that 
deformation cycles of wedging and ratcheting due to thermomechani-
cal creep induce permanent deformations responsible for the incre-
mental downslope movements of rock columns (Taboada et al. 2017). 
These mechanical discontinuities are undoubtedly responsible for the 
hydraulic connectivity between the carbonates of the Larzac plateau 
and the underlying Triassic clays, as demonstrated by borehole moni-
toring in the Pegairolles-de-l’Escalette landslide (Denchik et al. 2019).

The present study aims to investigate two paleo-landslides 
affecting the Larzac plateau in the south of France on the Laurounet 
and Le Ricardenc river valleys, namely the Mont Mayres and the 
Lamerallède landslides (Fig. 1), respectively. In this study, we discuss 
their geometry and typology identified from field investigations 
and remote sensing surveys and compare them with structural 
geology. The potential triggering mechanism is proposed based 
on 36Cl cosmogenic ages obtained on the preserved paleo-scarps 
or the upper edge of the slide mass.

Geological setting and methods
The Lamerallède and Mont Mayres landslides evolve in sedimen-
tary rocks ranging from the highly fractured Jurassic (Hettangian) 
carbonate plateau to the Triassic (Ladinian) median sandstone via 

Triassic (Norian) evaporite clays (Fig. 1a). The Upper Hettangian 
dolomites, with a thickness of 200 m, consist of massive and tabu-
lar beds (ranging from one to several metres thick). In contrast, 
the Lower Hettangian rocks, positioned at the boundary with the 
Rhaetian, comprise a 15-m unit of superposed thin (5–10 cm thick) 
grey mudstone beds known as the “Parlatges” facies. Beneath it, 
the Rhaetian interval, a massive unit measuring 30–40 m in thick-
ness, features thick dolomitized grainstones interspersed with 
marly intervals. The investigated landslides affect all the geologi-
cal formations above the Norian-Carnian clays. The thickness of 
the Norian-Carnian clays is about 110 m, reaching locally 170 m. 
Additionally, the carbonate plateau experienced the influence of 
several low-throw faults with a north–south orientation (Fig. 1a). 
This carbonate plateau is also known to be karstified (Ambert and 
Ambert 1995).

Landslide mapping

Mapping of the landslides was based on field and remote sens-
ing surveys. The French geographical survey (IGN, Institut 
Géographique National) gives LAS data files produced by LiDAR, 
which permit the production of a Digital Terrain Model (DTM). 
Thanks to IGN DTM, we produced hillshade maps used to map 
tectonic lineaments, also presented as rose diagrams (Fig. 2a and b). 
These data aim to investigate the potential link between instabilities 
and structural geology. To complete the landslides mapping, we 
performed field investigations on the Lamerallède and Mont May-
res landslides, which consisted of geological cartography, including 
bedding plane measurements (strikes and dips) on slide blocks. 
Field investigations also include a fracturing survey.

Exposure ages

We used the cosmogenic nuclide method with 36Cl (Stone et al. 
1996) for 13 samples to date scarps and the upper edge of the slide 
masses (Table 1). The Lamerallède landslide was sampled twice on 
its single scarp (Fig. 2a) (sites LAM1 and LAM2, respectively). The 
Mont Mayres landslide was sampled twice on the upper edge of the 
slide mass (sites MM1 and MM2, Fig. 2b). Site LAM1 was the only 
one sampled in the Lower Hettangian Parlatges Limestone, the oth-
ers all being in the Upper Hettangian Dolomites. To quantify and 
correct for any topography shielding (Dunne et al. 1999), each dated 
surface’s strike and dip and the horizon’s elevation were measured 
every 20°. Exposure ages were computed following the methodol-
ogy outlined by Schimmelpfennig et al. (2009), and scaling fac-
tors derived from Stone’s model (Stone 2000) were employed. The 
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denudation rate was established at 0 mm. k. a⁻1, assuming the sur-
faces to be non-eroded (Dunai 2010). All the dating data are docu-
mented in Table 1 and have been formatted following the guidelines 
provided by Dunai and Stuart (2009).

Results

Lamerallède landslide
Figure  2a shows the hillshade of the Lamerallède landslide 
(Fig. 1b) produced with the IGN LiDAR-derived DTM and geo-
logical data obtained in the field (bedding plane measurements 
and geological limits). From 380 to 410 m in altitude, a promi-
nent slide mass is observed ahead of the rock cliff formed by 
the stiff Hettangian units (in-place geological units). The slide 
mass exposes in its upper part the succession of the Partlatges 
limestones (Early Hettangian) overlain by the massive dolomites 
(Late Hettangian) units. The Hettangian beds in the slide mass 
dip downslope by 20 to 30°, whereas the geological units in place 
are almost horizontal, with dips between 05°S and 09°W; despite 
the numerous joints that cut the carbonate units, the slide mass 
was not dismantled. The upward limit of the Lamerallède land-
slide is outlined by a 20-m-wide depression (indicated in yel-
low in Fig. 2a), filled by collapsed blocks of various sizes. Using 
the Lower/Upper Hettangian limit observed in the cliff (in place 
geological units) and in the landslide as a benchmark, the verti-
cal offset is estimated to be 15 m. The scarp trace follows the 

depression, which trends at 070° and turns eastward to adopt a 
130–140° strike. The bed strike of the slide mass may vary, but 
those with the more significant dips trend 060° in agreement 
with the N070 direction of the depression.

Below 380 m, the outcrop conditions are poor due to the veg-
etal cover. A dismantled mass is interpreted from the presence 
of isolated blocks. Moreover, cemented breccias at 350 m are 
observed. From a flat area to a high slope, the downslope mor-
phology (Fig. 2a) outlines a topographic anomaly aligned with 
the upper part of the slide that we interpreted as a bulge defining 
the landslide toe.

Fracture measurement in in situ formations (Le Ricardenc 
Valley, Fig. 2) indicates two strike peaks. The first peak corre-
sponds to a strike of 150–170°, and the second peak corresponds 
to a strike of 60–80°. These two sets of fractures are tectonic frac-
tures because calcite has been found on their surface. The strike 
of the tilted beds in the slide mass coincides with the 60–80° 
fracture set, indicating that the E-W fractures played a role in the 
landslide initiation. The other set of fractures doesn’t match the 
mobilization of the slide mass, but we can suppose that the N-S 
set cuts the slide mass. Fractures with 110°–130°N have also been 
recognized on the hillshade upward along the rock cliff. They are 
interpreted as a fracture zone that borders the rock cliff and may 
have guided the (lateral) western propagation of the landslide. 
Based on these geomorphological features, a geological cross-
section has been proposed (Fig. 2c).

Fig. 1   a Simplified geological and structural map of the south of the Larzac plateau (the inset map shows France with the Occitanie region in 
red). Red bullets show the location of the investigated paleo-landslides on the map. b Photo of Lamerallède landslide. c Photo of Mont May-
res landslide
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Mont Mayres landslide

Figure  2b shows the hillshade of the Mont Mayres landslide 
(Fig. 1c). The Mont Mayres landslide outcrops well from 460-m to 
530-m high (Fig. 2a). Below 530 m, the outcrops conditions are poor 
due to the vegetal cover. The slide mass identified is composed of 
Hettangian rocks ahead of the rock cliff and delimited by a major 
depression, which trends to 130–140°. As in the Lamerallède land-
slide, the Hettangian units in the slide mass dip downslope with 
an inclination generally more than 25° and up to 37°E. The strike 

of the bedding planes associated with these dips varies from 140 to 
159°. Considering the 04–10° dip measured in the neighbouring in-
place units (Fig. 2b), it is inferred that a significant bed tilt accom-
panied the movement of the Mont Mayres landslide. Preserving 
rock slices between the rock cliff and the landslide witness a dam-
age zone now dismantled, not present in the Lamerallède landslide. 
Field observations allowed us to identify the limit between Lower 
and Upper Hettangian units in the slide mass only. Using lateral 
geological information, we estimated a 20 m offset (Fig. 2d). No 
bulge can be seen on the hillshade map or the field (Fig. 2b).

Fig. 2   Geology and geomorphology of Lamerallède and Mont Mayres landslides. a Hillshade produced by the Digital Terrain Model (DTM) 
of Lamerallède landslide with geomorphological features, bedding planes measurements, dating sites and geological limit between Lower 
and Upper Hettangian units. Inside a rose diagram (with % value of total of perimeter indicated in blue) is present with fractures located on 
the fractured zone on the DTM. Rose diagrams (with % value of total of perimeter indicated in blue) illustrate fracturing surveys performed 
during field investigations. b Hillshade was produced by the DTM of Mont Mayres landslide with geomorphological features, bedding plane 
measurements, dating site, and geological limit between Lower and Upper Hettangian units. Inside a rose diagram (with % value of total 
of perimeter indicated in blue) is present with fractures located on the fractured zone on the DTM. Rose diagrams (with % value of total 
of perimeter indicated in blue) illustrate fracturing surveys performed during field investigations. c Geological cross-section of Lamerallède 
landslide. d Geological cross-section of Mont Mayres landslide
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Fracturing surveys were performed in the slide mass and out-
crops in place (Fig. 2b). Outcrops in place exhibit two strike peaks. 
The first one corresponds to a strike of 070°–080°, and the sec-
ond one is about 170°–180°. In the slide mass, one peak stands out 
about 070°–080°, with few measurements in Late Hettangian rocks 
showing a strike between 140° and 150° (Fig. 2b). The last ones are 
consistent with the depression orientation. Other fractures com-
patible with the depression with 110°N and 130°N have also been 
recognized on the hillshade upwards along the rock cliff.

The E-W set of fractures does not agree with the landslide-
induced motion. Instead, it could have been responsible for the 
disintegration of the slide mass. In the western boundary, the strike 
of the bedding planes is 170° and appears to rotate clockwise com-
pared to bedding planes in the slide mass. This rotation coincides 
with the orientation of the dry ravine and developed along a low 
throw fault as shown in Fig. 2a. The combination of the ravine and 
the fault plays as a lateral ramp of the Mont Mayres landslide and 
defines clearly its western boundary. The eastern boundary, is on 
the contrary, not visible. Based on these geomorphological features, 
a geological cross-section has been proposed (Fig. 2d).

Exposures ages

The natural chlorine values of the sampled rocks range from 129 
to over 625 ppm (Table 1). We observed a correlation between the 
natural chlorine content and the nature of the rock: Lower Het-
tangian limestones contain less than 200 ppm chlorine (sample 

LAM1), whereas chlorine in dolomites varies between 294 and 
625 ppm (Table 1). Natural chlorine is a source of 36Cl production, 
and its high concentration affects the interpretation of the ages 
obtained. We can set a threshold of 500 ppm of natural chlorine, 
beyond which the exposure ages will be considered untrustworthy. 
One site exceeds this limit, as in LAM2. In contrast, the ages corre-
sponding to low levels of natural chlorine (LAM1) are more reliable 
and have a lower error.

Looking at the probability density of exposure ages in Fig. 3, we 
see one cluster of ages. This group corresponds to the LAM1, MM1, 
and MM2 sites with mean ages of 4.01 ± 0.75, 4.04 ± 1.2, and 3.92 ± 1.38, 
respectively. The mean age for the entire group is 3.99 ± 1.11 ka.

Discussion and conclusions
LiDAR data and field investigations in the two investigated land-
slides in the Laurounet and Le Ricardenc valleys permitted us to 
recognize the upper part of two landslide structures. The Lam-
erallède and Mont Mayres landslides share the following charac-
teristics. Their upper part comprises a slide mass including the 
stiff Hettangian units dipping downslope (25–40°), indicating a 
downward rotation of the mobilized rock slide. Slightly dipping 
rock slices separate the intact cliff from the slide mass within a 
depression zone, particularly in Mont Mayres. The vertical offset 
of the two landslides is similar and equals 15–20 m. We interpret 
that Lamerallède and Mont Mayres landslides correspond to rock 
spreading processes (Varnes 1978; Dikau et al. 1996; Pasuto and 
Soldati 2013; Hungr et al. 2014).

Fig. 3   a The mean age distribution for each sampling site except LAM2. b Timeline with averages for each sampling site except LAM2
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Rock spreading is defined by a lateral extension of stiff (brittle) 
geological units (e.g. carbonates) overlying a soft (ductile) terrain 
(e.g. clays) that creeps. Such gravitational processes have been rec-
ognized in the peri-Mediterranean mountains, such as the Mar-
brière landslide in the French Maritime Alps (Zerathe and Lebourg 
2012) the Peracalç landslide in Spanish Pyrenees (Gutierrez et al. 
2012), the Il-Prajjet landslide in Malta (Mantovani et al. 1996), and 
the Mt. Reschberg landslide in Austria (Tung et al. 2021). These 
landslides are interpreted by a lateral expansion of the unconfined 
clay responsible for the subsidence of the carbonate part, accompa-
nied in some cases by bulging (Zerathe and Lebourg 2012; Gutierrez 
et al. 2012; Pasuto and Soldati 2013). A bulge, i.e. a typical positive 
topographic expression, is related to clay creeping (Radbruch-Hall 
1978; Pasuto and Soldati 2013). On the Lamerallède landslide toe, 
the bulge height is of the same order of magnitude as the land-
slide offset (~ 15 m). We propose that the forward rotation of the 
mobilized Hettangian-Rhaetian rocks in the Lamerallède and Mont 
Mayres landslides is associated with toppling (Varnes 1978; Dikau 
et al. 1996; Hungr et al. 2014) favoured by the inherited dense frac-
ture network (Fig. 2).

The structural inheritance plays an important role in both land-
slides. Notably, the strike of the toppling movement is not aligned 
with the slope of the Lamerallède landslide, whereas it is in the 
Mont Mayres landslide. In the first one, the ~ N340° dip direction 
of the beds (with a 20°N–30°N inclination) is oblique to the 045° 
dip direction of the slope. Rock mass may thus be mobilized along 
a direction at an angle up to 30° relative to the slope direction. 
This obliquity can be explained by the regional 070° dense fracture 
set that pre-cut the stiff Hettangian units. This network seems to 
play a minor role in the Mont Mayres landslide, at least concerning 
the direction of the toppling movement. The western border of the 
Mont Mayres coincides with an N-S fault where reactivation is sug-
gested with bed rotation close to the fault. These observations high-
light the complexity of understanding the relative importance of 
inherited discontinuities and the 3D aspect of predisposing factors.

In addition to having a similar motion, these two landslides 
have similar ages, indicating a synchronous character. The average 
age of the landslides scarps is 3.99 ± 1.11 ka from samples at LAM1, 
MM1, and MM2 sites. Therefore, the Lamerallède and Mont May-
res landslides were triggered simultaneously. Although correlations 
with Holocene climatic conditions are somewhat speculative due to 
the large uncertainties of the dating method, we hypothesize that 
intense rainfalls would have occurred in the study area, inducing 
high lake levels in southern Europe at 4000 cal. a BP (Magny et al. 
2011). This would point to precipitation and hydraulic charge as a 
potential triggering mechanism and the fracturing of the Larzac 
plateau, together with the lithologic contrast between the brittle 
carbonate overlying ductile clays and tectonic inherited disconti-
nuities, as the potential predisposing factors for the investigated 
landslides. Presumably, these two landslides are two examples from 
the southern edge of the Larzac plateau that can be linked to cli-
matic triggers.

Moreover, the fractures can also favour the subsidence move-
ment with creep by water percolation, decreasing the weaker mate-
rial’s resistance. Indeed, water percolation may cause clay soften-
ing (Gutierrez et al. 2012; Pasuto and Soldati 2013), which in turn 
may increase the continuous deformation of the clays due to val-
ley cutting, leading to the subsidence of the brittle formation. The 

development of shear zones in the clays is known to favour lateral 
expansion. Their identification is generally difficult due to the poor 
outcrop conditions. The water percolation can also dissolve evapo-
rites and favour shearing surfaces, subsiding them by a collapse of 
the old location where evaporites dissolved (Gutierrez et al. 2012; 
Pasuto and Soldati 2013). Evaporitic dissolution by water percola-
tion can also be related to karstification of the rock mass (Ambert 
and Ambert 1995; Gutierrez et al. 2012).

It would be interesting in the future to look at the possible evo-
lution of this type of instability, particularly, by comparing it with 
other paleo-landslides in the region. It is generally accepted that 
lateral spreading can evolve into different modes of failure, such as 
rotational and translational landslides.
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