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Abstract
The Bathonian-? Late Jurassic red beds outcrop in several synclines in the Moroccan central High Atlas (Imilchil area). They 
consist in a thick fluvio-lacustrine succession interpreted as the distal part of a large distributive fluvial system. This unit, 
the Isli Formation, contains different types soft-sediment deformation structures: neptunian dykes, plastic intrusions, load 
structures, convolute lamination, slumps, water-escape structures (injection dyke and cusps), loop bedding and gravifos-
sum. The deformation mechanisms of these soft-sediment structures are liquefaction and fluidisation of the water-saturated 
sediments. The tectonic control of sedimentation is evidenced by synsedimentary faults and progressive unconformities at 
the limbs of the synclines of the region. This indicates that the Isli Formation was deposited in an extensional setting with 
magmatic activity and salt tectonics. This study reveals that soft-sediment deformation structures were triggered by seismic 
events, related to the activity of Atlasic faults.

Keywords  Soft-sediment deformation structures · Seismites · Distributive fluvial system · Jurassic · High Atlas · Morocco

Resumen
Las capas rojas del Jurásico Superior (Bathoniense?) afloran en varios sinclinales en la zona central del Alto Atlas marroquí 
(zona de Imilchil). Estos definen una potente sucesión fluvio-lacustre interpretada como la parte distal de un gran sistema 
fluvial distributivo. Esta unidad, la Formación Isli, presenta diferentes tipos de estructuras de deformación de sedimentos 
blandos: diques neptúnicos, intrusiones plásticas, estructuras de carga, laminaciones convolutas, slumps, estructuras de 
escape de agua (diques de inyección y cúspides), loop-bedding y gravifossum. Los mecanismos de deformación de estas 
estructuras son la licuefacción y fluidización de sedimentos saturados de agua. El control tectónico de la sedimentación 
se evidencia por fallas sinsedimentarias y discordancias progresivas en los extremos de los sinclinales de la región. Esto 
indica que la Formación Isli se depositó en un entorno extensional con actividad magmática y tectónica salina. Este estudio 
revela que las estructuras de deformación de sedimentos blandos fueron provocadas por eventos sísmicos, relacionados con 
la actividad de fallas atlásicas.

Palabras Clave  Estructuras de deformación en sedimento blando · Sismita · Sistema fluvial distributive · Jurásico · Alto 
Atlas · Marruecos

1  Introduction

Soft-sediment deformation structures (SSDS) are features 
formed in sediments that are still water-saturated before their 
consolidation due to liquefaction and fluidisation phenomena 
(Allen, 1982; Obermieir et al., 2002; van Loon, 2009). There 
are multiple triggers for these phenomena (Owen, 1987; Owen 
& Moretti, 2011), but the best-known and most often dis-
cussed trigger are earthquakes. Sedimentary beds containing 
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SSDS induced by seismic shaking are called seismites (sensu 
Seilacher, 1969). In recent decades, this field of study has 
made considerable progress. Indeed, many special issues on 
SSDS have been devoted to this field of research, including 
several papers on seismites (Jones & Preston, 1987; Maltman, 
1994; Shiki et al., 2000; Ettonsohn et al., 2002; Van Rensber-
gen et al., 2003; Storti & Vannucchi, 2007; Owen et al., 2011a; 
Festa et al., 2014; van Loon, 2014a; Alfaro et al., 2016).

The recognition of seismite beds, such as turbidites and 
tempestites, requires the verification and validation of sev-
eral criteria (see Sims, 1975; Wheeler, 2002; Montenat et al., 
2007; Owen & Moretti, 2011; Moretti & van Loon, 2014; 
van Loon, 2014b). Numerous experimental studies using a 
shaking table have been conducted to investigate and vali-
date certain types of SSDS observed in nature (Dasgupta, 
2008; Harris et al., 2000; Kuenen, 1958; Moretti et al., 1999; 
Nichols, 1995). Some authors have discussed the magnitudes 
of earthquakes causing the formation of some SSDS types 
based on their amplitude and the nature of the deformation 
process (Bachmann & Aref, 2005; Berger & Herwegh, 2019; 
Berra & Felletti, 2011; Calvo et al., 1998; Ezquerro et al., 
2015; Galli, 2000; Guiraud & Plaziat, 1993; Smith & Jacobi, 
2002 and references hereafter).

In continental basins, fluvio-lacustrine deposits, mainly 
in distal fluvial areas and lacustrine facies, are the sediments 
most susceptible to liquidisation, thus forming soft-sediment 
deformation structures (Obermeier, 1996; Owen & Moretti, 
2011). This is due to the fine grainsize of almost all facies 
in these depositional environments and their coverage of a 
wide area.

In Morocco, only a few studies on seismites have been 
carried out so far. These studies only concern the Plio-
cene and Quaternary deposits of the Sais Basin (Plaziat 
& Ahmamou, 1998; Plaziat et al., 2006), the Middle Atlas 
(Azennoud et al., 2022; Benabbou et al., 2018) and the Mou-
louya (Zarki et al., 2004).

The aim of this work is to use the fluvio-lacustrine basins 
of Morocco as a test to examine criteria to recognize seis-
mites. The great variability of SSDS allow examination of 
their origin. In order to achieve this aim, we carried out a 
sedimentological and palaeoenvironmental study, a descrip-
tion/classification of the SSDS, and their interpretation in 
terms of driving forces and deformation mechanisms. Fur-
thermore, this study discusses possible triggers of these 
SSDS.

2 � Geological setting

The Imilchil region is located in the heart of the Central 
High Atlas (Fig. 1a, b). This part of the Atlas system extends 
from the central Atlantic to the eastern Mediterranean. It 
is a typical intracontinental belt, essentially formed by the 

inversion of Triassic-Liassic rift basins during the conver-
gence of the African and Iberian-European Plate, starting 
in the Late Cretaceous (e.g., Fekkak et al., 2018; Frizon 
de Lamotte et al., 2008; Ibouh & Chafiki, 2017; Mattauer 
et al., 1977). The Central High Atlas is structured in a suc-
cession of narrow anticlinal ridges bordering synclinal 
depressions. The ridges, mostly N70-trending, are aligned 
with Variscan-aged faults (Escosa et al., 2021; Laville & 
Piqué, 1992). The cores of these ridges are formed by Tri-
assic evaporitic deposits and the Central Atlantic Magmatic 
Province (CAMP) basalts (Marzoli et al., 1999, 2019; Pan-
fili et al., 2019), as well as Liassic limestone blocks and 
Jurassic–Cretaceous magmatic intrusions (Armando, 1999; 
Barbero et al., 2007; Calvín et al., 2017; Essaifi & Zayane, 
2018; Ibouh, 1995, 2004; Ouabid et al., 2021; Zayane et al., 
2002). This Jurassic-Cretaceous magmatic activity is inter-
preted as the result of crustal thinning and the rise of an 
asthenospheric plume (Frizon de Lamotte et al., 2009). The 
flanks of the ridges are formed by carbonates ranging in age 
from Early to Middle Jurassic.

The Jurassic sedimentary series in the axis of the Atlas 
Belt is organised in a megasequence of about 6000 m thick-
ness, originally divided into an exclusively marine formation 
(Agoudim Fm) and a regressive detrital formation (Anemzi 
Fm, Studer, 1987).

In the Imilchil region, this megasequence (Charrière 
et al., 2011; Ibouh, 1995, 2004) was subdivided into three 
marine formations (the Tassent Formation, the Bab n’Ouyad 
Formation and the Tislit Formation), a mixed formation (the 
Imilchil Formation) and an exclusively continental forma-
tion (the Isli Formation). The megasequence ends with the 
continental Isli Formation (lower Bathonian-? Late Juras-
sic), which is preserved in the centres of the synclines in the 
region. This last formation consists of more than 1000 m of 
fluvio-lacustrine sediments that are very rich in vertebrate 
footprints, mainly of dinosaurs. A red laguno-continental 
formation, associated with basaltic flows, unconformably 
overlies some of the ridges of the folds (Fig. 1b, c). Char-
rière et al (2009) described the Tasraft Formation which they 
dated to the Thanetian-? Ypresian based on charophytes and 
ostracods.

During the deposition of the Jurassic megasequence, 
the ridges began to grow through the phenomenon of dia-
pirism related to extensional tectonics (Ettaki et al., 2007; 
Michard et al., 2011; Malaval et al., 2014; Saura et al., 
2014; Joussiaume, 2016; Moragas et al., 2018; Martin-
Martin et al., 2017; Moragas, 2017; Teixell et al., 2017; 
Vergés et al., 2017; Dooley & Hudec, 2020; Granado et al., 
2021). Diapirism is evidenced by progressive unconformi-
ties, synsedimentary normal faults and slumps on the 
flanks of these ridges and the presence of evaporites in Tri-
assic deposits at the cores of certain ridges (Michard et al., 
2011) and in the subsurface (Ayarza et al., 2005) (Fig. 2). 
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This tectonic regime continued throughout the Late Juras-
sic to Cretaceous (Ouaskou et al., 2021). Compression 
and uplift of the entire Atlas system started in the Eocene 
and took place in compressive tectonic phases: The Late 
Eocene, Early Miocene and Pliocene–Quaternary phases 
(Frizon de Lamotte et al., 2008; Medina & Cherkaoui, 
2021; Michard et al., 2011). The higher elevation of the 
High Atlas, compared to the Saharan and Tunisian Atlas, 
is mainly due to crustal shortening and mantle upwelling 
under the Atlas Mountains during the Neogene (Frizon 

de Lamotte et al., 2009; Fullea et al., 2010; Lanari et al., 
2023; Miller & Becker, 2014; Teixell et al., 2003, 2014).

3 � Material and methods

In examining the seismite beds within the Isli Formation, 
we adopted the methodology proposed by Owen and Moretti 
(2011) and Owen et al. (2011b) for investigating SSDS beds. 
This approach allows us to infer the palaeoenvironment of 

Fig. 1   Geological setting of the studied area. a Location of the Cen-
tral High Atlas in the context of North Africa and its main terrains 
(modified after the geological map of Morocco at 1,000,000 and 
Teixell et al., 2003). b Geological map of the Imilchil region (modi-
fied after the geological maps of Imilchil, Tounfit, Tinjdad and Ting-
hir at 100,000). For the stratigraphic terms: 1. CAMP basalts and Tri-
assic argillites; 2. the Lower Lias limestones; 3. Tassent Formation; 4. 

Bab n’Ouyad Formation. 5. Tislit Formation; 6. Imilchil Formation; 
7. Isli Formation; 8. Tasraft Formation; 9. Quaternary deposits; 10. 
Jurassic-Cretaceous magmatic rocks; 11. Lakes; 12. Doleritic dykes; 
13. Faults; 14. Anticlinal axis; 15. Synclinal axis; 16. Roads; 17. 
Studied synclines. c Synthetic log of all geological formations in the 
Imilchil area (modified after Charrière et  al., 2011 and Ibouh et  al., 
2014)
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the deposits under study, using comprehensive field geo-
logical techniques including stratigraphy, petrography, facies 
analysis, and their associations. Furthermore, almost five 
hundred of loose and consolidated samples were collected 
and processed in the laboratory (washing for microfossils 
of charopytes and limnic ostracods and preparation of thin 
sections). For facies analysis, the classification of Miall 
(1978, 2006) for fluvial deposits and the classification of 
Flügel (2010) for lacustrine carbonates were adopted. The 
classification of SSDS is based mainly on their morphology 
and deformation style. Several different styles of nomen-
clature for SSDS have been developed in the literature. In 
the present paper, we adopted the classifications of Owen 
(2003), van Loon (2009) and Owen et al. (2011b). For inter-
preting the driving forces and deformation mechanisms, we 
employed the classifications of Lowe (1975), Owen (1987), 
and Owen et al., (2011a, 2011b). Concerning the triggers 
responsible for the deformation of the studied SSDS beds, 

we followed the most recent methodologies by Montenat 
et al. (2007), Owen and Moretti (2011), and Moretti and 
van Loon (2014). These methodologies provide suggested 
approaches for the recognition and correct interpretation of 
seismites.

4 � Results

4.1 � Stratigraphic position and sedimentology 
of the Isli Formation

The Isli Formation (lower Bathonian-? Late Jurassic) over-
lies the Imilchil Formation in the various synclines that 
were studied (Fig. 1b). The latter was dated to the upper 
Bajocian-lower Bathonian on the basis of brachiopods 
(Charrière et al., 2011). Unfortunately, the charophytes and 
ostracods collected in the Isli Formation have not enabled 

Fig. 2   A progressive unconformity in the AAK syncline. a Google Earth image showing the AAK syncline and the position of the structural sec-
tion b. c A photo of the synsedimentary unconformity at the SW perisyncline termination
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us to establish a precise age. However, the upper marine 
beds of the Imilchil Formation have been dated to the Lower 
Bathonian using brachiopods (Ibouh, 2004; Oussou et al., 
2023). Furthermore, the ichnoassemblage of the Isli Forma-
tion (Klein et al., 2023 and references therein) suggests that 
its age could extend to the upper Jurassic. This formation 
marks the beginning of the regressive phase in the High 
Atlas (Charrière & Haddoumi, 2017). The continental Isli 
Formation was deposited in a fluvio-lacustrine environment 
rich where dinosaurs, crocodilians and pterosaurs were com-
mon ichnofaunal components, as evidenced by their tracks 
and trackways (Gierliński et al., 2009, 2017; Klein et al., 
2018, 2023; Oukassou et al., 2019; Boutakiout et al., 2020; 
Masrour et al., 2020; Ceniceros et al., 2022; Oussou et al., 
2023). It consists of a succession of broad sandstone bars 
interbedded with thick red fine floodplain deposits and thick 
grey clay beds, which are mostly lacustrine. In addition, 
there are rare limestone beds in the Isli Formation that are 
rich in lamellibranchs, charophytes, freshwater ostracods, 
and limnic gastropods. The kilometre-scale sandstone bars 
contain fossil wood and show sedimentary structures such as 
planar cross stratification, horizontal laminations, raindrop 
imprints, and sometimes sedimentary structures of microbial 
origin.

4.1.1 � Facies analysis and facies associations

In order to reconstruct the depositional environment of the 
Isli Formation, we logged a section in each of the three syn-
clines studied (Fig. 3). The various facies types observed 
are described and placed in a palaeoenvironmental setting 
(Table 1 and Fig. 4).

To define the depositional environment of the Isli Forma-
tion, the facies observed are grouped into facies associations 
as described below.

Channel-belt facies association (FA1). This facies asso-
ciation is represented by a few isolated sandstone channels 
that are 2–5 m thick and about 30 m wide (Fig. 5a). The 
association is very rare in the formation (three in the Isli 
syncline, six in the AAK syncline and two in the Outerbat 
syncline). The facies of these channels are mainly fine to 
medium sandstones (Sm, Sp, Sh), sometimes interbedded 
with red siltstones (facies Fm) and other types of sandstone 
channels. The facies association is organised into thick sand-
stone bodies with planar erosive bases. It forms more or less 
tabular sandstone bodies and the boundaries of the facies are 
horizontal with lateral accretion dominating. The geometry 
of these channels is similar to that of the Salt Wash DFS 
median zones of the Morrison Formation in the USA (Owen 
et al., 2015). These channels are often embedded in flood-
plain and sheetflood deposits.

Isolated channel fill facies association (FA2). FA2 
consists of multistory sandstone bodies (Sh, Sp, Sr and 

St), generally of medium grain size. These channels are 
between 4 and 25 m wide and between 2 and 7 m high. 
These isolated ribbon-like channel sandstone bodies with 
sharp erosive bases and centimetric intra-formational con-
glomerate beds (Gm facies) are multistory with maximum 
thickening along the channel axis and lateral thinning 
towards the edges. This association passes laterally to the 
unchanneled sheetflood deposits (single-story type; FA3). 
This facies association is generally associated mainly with 
the Fm and Stm facies (Fig. 5b) and have clear erosion 
surfaces, cutting through the floodplain deposits. Fossil-
ized wood and dinosaur footprints are present in these 
sandstones. The sedimentary structures observed in this 
association (trough cross- and planar stratifications) indi-
cate lateral migration of sandstone bars in fluvial channels. 
These sandstone channels are the result of multiple avul-
sions to distal areas (e.g., Klausen et al., 2014; Slingerland 
& Smith, 2004).

Sheetflood facies association (FA3). The sheetflood 
facies association is formed predominantly of very fine to 
fine sandstones and occasionally siltstones. These 0.2–1.5 m 
thick and kilometre-wide sandstones are organised in hori-
zontally bedded layers (Fig. 5c). This association consists 
mainly of Sm, Sh, Sr, Sp, St and Sb facies. The surfaces 
of these tabular sandstone sheets contain features such as 
microbially-induced sedimentary structures (MISS) (sensu 
Noffke et al., 2001, 2022), raindrop marks and burrows. In 
addition, this facies association is very rich in fossil wood 
and dinosaur and tetrapod tracks, indicating a fluvial envi-
ronment for this association. The association is interpreted 
as a sheetflood of the distal zone of a large distributive flu-
vial system (DFS) (e.g., Owen et al., 2015). These sand-
stone beds are laterally and vertically restricted mainly to 
fine floodplain facies.

Floodplain facies association (FA4). Facies of this asso-
ciation are the most dominant in the Isli Formation. FA4 is 
formed by thick and laterally continuous beds of red clayey 
siltstones (facies Stm, Fl, Fm, Stp) which extend for many 
km and are about 20 m thick (Fig. 5f). this facies associa-
tion comprise also overbank and heterolithic splay depos-
its (Fig. 5e). FA4 is interbedded with either the sandstone 
channels of the FA1, grey argillites or lacustrine carbonates. 
Some immature palaeosols characterised by rhizoliths and 
calcrete nodules are present. These red siltstones sometimes 
contain intercalations of centimetre-scale beds of very fine 
sandstone and siltstones with carbonate cement. These inter-
calations are very rich in desiccation cracks, small current 
ripples and footprints of dinosaurs, mainly of sauropods. 
Some beds have yielded charophyte oogonia. These struc-
tures indicate temporary emersion. The horizontal laminae 
observed in these fine-grained facies indicate a very low 
energy sedimentation environment. This association cor-
responds to the large floodplains of a large fluvial system.
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Fig. 3   Synthetic sedimentological logs of the Isli Formation in the 
three studied synclines. a Log of the Isli Formation in the Plateau des 
Lacs syncline, b Ait Ali Ou Ikkou (AAK) syncline, c Outerbat syn-
cline. The circles beside each log indicate the percentage of different 

facies assemblages. The numbers 7, 8 and 10 km at the top of the fig-
ure correspond to the distance between the anticlinal ridges bordering 
different synclines of the area
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Fig. 4   Different facies of the Isli Formation: a Sm: massive fine sand-
stone; Sh: reddish fine sandstone with horizontal lamination; Mm: 
grey silty claystone. b Stm: massive clayey siltstones. c Red pebbly 
Stm. d Sr: fine sandstone with climbing ripples. e Sp: whitish car-
bonate sandstone with planar cross laminations. f Lm: massive silty 
limestone with charophyte oogonia, ostracodes, and gastropods. g 
Ms: silty mudstone interbedded with fine sandstone beds; calcrete 
rizoliths (Ca) in a palaeosol (protosol) bed (P). h Sl: sandstone with 

low-angle planar cross laminations; St: brick-red fine sandstone with 
trough cross laminations. i Fl: silty claystone with desiccation cracks, 
sauropod footprint, and small current ripples. j Sb: bioturbated fine 
sandstone. k Sandstone bed surface with linguoid ripples. l Massive 
fine sandstone with MISS and fossil traces m LMF9: lumachellic 
limestone with lamellibranchs. n LMF2: lacustrine limestones with 
horizontal laminations. o Gmm: matrix-supported conglomerates 
with mostly angular elements of a debris flow
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Fig. 5   General views of facies associations. a Outcrop of a sandstone 
channel-belt facies association (FA1). b Isolated (ribbon-like) chan-
nel-fill facies association (FA2). c and d Side views of the vertical 

succession of facies associations FA3, FA4 and FA5. e Close-up view 
of facies FA4 and FA5. f Surface view of part of the extraformational 
conglomerates of the debris flow facies association (FA6)
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Lacustrine facies association (FA5). This associa-
tion is formed by limestone beds associated with massive 
and sometimes laminated grey silty clays and mudstones 
(Fig. 5c–g). The limestones are represented by lamellibranch 
lumachelles, laminated limestones and massive limestones, 
with ostracods and charophyte oogonia. Some limestone 
beds are bioturbated and show desiccation cracks, indicating 
subaerial exposure. The grey mudstones contain ostracods, 
gastropods and charophyte oogonia, as well as fossil wood. 
Facies Lm, LMF2, LMF9, Ms and Mm are very common 
and extend for several hundred metres, especially in the Out-
erbat syncline. Non-carbonate facies were deposited in lake 
floodplains, small siliciclastic lakes or ponds. This associa-
tion is bordered by facies of FA3 and FA1.

Debris flow facies association (FA6). The debris flow 
facies association has a relatively small outcrop area of 
about 40 m2 and a thickness of slightly more than 3 m in the 
southwestern periclinal termination of the AAK syncline. It 
consists mainly of massive conglomerates with an incised 
base (Gmm facies, Table 1, Figs. 4o and 5f). These extra-
formational conglomerates, which are organised in layers 
interbedded with siltstones and argillites similar to the rest 
of the formation, are formed by centimetre-scale elements 
of local origin, mainly marine carbonates derived from the 
neighbouring ridges. Palaeogeographically, this facies asso-
ciation suggests that part of the Jurassic marine carbonate 
cover of the AAK ridge was already in place and was eroded 
during sedimentation of the Isli Formation.

4.2 � Depositional Palaeoenvironment of the Isli 
Formation

The presence of sandstone channels of different types, facies, 
and geometries, fossilized wood, raindrop marks, and dino-
saur and crocodilian footprints together indicate that the Isli 
Formation is continental. This is supported by the presence 
of lacustrine and floodplain deposits with charophyte oogo-
nia and limnic ostracods. There is no evidence of marine 
deposition in the Isli Formation.

In accordance with Miall’s (2006) criteria, (i) the pres-
ence of facies St, Sh, Sl, Sr, Fl and Fm, (ii) the rarely chan-
nelised sandstone bodies intercalated with clayey argillites 
and siltstones, (iii) the presence of aridisols and calcretes 
(nodules and rhizoliths), and (iv) the abundance of mud 
cracks on the surface of the beds, may indicate a warm cli-
mate with arid trend. The presence of fossil wood in the 
sheetflood facies could be explained by its transport from 
upland areas during flooding.

The very large length/width ratio (L/H ratio) of the 
sheetflood sandstones (FA3), the rarity of the channel-belt 
facies association deposits (FA1), the abundance (more 
than 75%) and thickness (sometimes more than 15 m) of 
the floodplain and lacustrine deposits, and the dominance 

of fine and very fine grain sizes in almost all sediments 
indicate that these sediments are distal. Therefore, the 
depositional environment corresponds to a distal zone of 
a Distributive Fluvial System (DFS) according to the cri-
teria of several authors (Hartley et al., 2010; Nichols & 
Fisher, 2007; Owen et al., 2015; Plink-Björklund, 2021; 
Weissmann et al., 2013). In this distal zone, lacustrine 
deposits may be associated with detrital facies in the for-
mat of fluvio-lacustrine sequences. The extraformational 
conglomerates of low extension debris flow of local origin 
(< 1% of the formation) outcrop locally at the perisynclinal 
termination of the AAK syncline. These conglomerates 
indicate active growth of the AAK ridge during the depo-
sition of the Isli Formation.

The DFS concept was first applied to the Isli Forma-
tion by Joussiaume (2016) in his study on diapirism in the 
region, although he did not rigorously analyse the whole 
formation. Joussiaume (2016) concluded that the proximal 
zone of the DFS was about 100 km to the west, in accord-
ance with the eastward migration of a shoreline from the 
Jurassic sea during the sedimentation of the Isli Forma-
tion (Elmi, 1999 in Frizon De Lamotte et al., 2009). The 
distal zone of a DFS is a suitable area for the formation 
of SSDS as well as for the validation of certain seismite 
recognition criteria. This can be explained as follows: (i) 
the fine to very fine grain size (clay, siltstone and fine 
sandstone) favours liquefaction and liquidisation phenom-
ena and (ii) the lateral extension of the sedimentary layers, 
on the order of several hundred metres, reflects the large 
extension of water and the saturation of the sediments over 
long periods of time (e.g., Obermeier, 1996).

4.3 � Description and interpretation of soft‑sediment 
deformation structures

Several beds with soft-sediment deformation structures 
have been identified in the three synclines of the Imilchil 
area. The studied formation also shows a wide variety of 
SSDS (Fig. 6), namely: neptunian dykes, plastic intru-
sions, load structures (load casts and pseudonodules), 
slumps, convolute lamination, water-escape structures 
(injection dyke and cusps), loop bedding, gravifossums 
and synsedimentary faults. In order to determine the driv-
ing forces of this deformation, the deformation mechanism 
and to deduce the triggers of these SSDS, we relied on 
sedimentological evidence, the depositional environment 
and the regional tectonic context, following the approach 
of Owen et al. (2011b) and Moretti and van Loon (2014). 
It is worth noting that the SSDS beds described in this 
work are produced by the same trigger. SSDS left by dino-
saur locomotion (dinoturbation) are not considered here.
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4.3.1 � Neptunian dykes

Description. Numerous neptunian dykes are well exposed 
within floodplain siltstones (Fig. 7a), in sheetflood deposit 
facies association (Fig. 7b, c) and also in lacustrine lime-
stones (LMF2 facies). They are related to simple fissures 1 

m to 2 m high and between 10 and 20 cm wide, with a down-
ward thinning. These dykes are infilled by the fine sand-
stones and silty mudstones of the source layers and intruded 
the underlying floodplain and lacustrine facies.

Interpretation. The formation of neptunian dykes is 
preceded by nearly vertical fissures which open upwards. 

Fig. 6   Representative sedimentological logs with soft sediment deformation structures
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Subsequently, sediment from the liquefied source layers fills 
these fissures. The host layers appear sufficiently consoli-
dated to be fractured. In the absence of evidence of sedimen-
tary origin, these structures would be the result of extensive 
brittle deformation (e.g., Montenat et al., 2007; Moretti & 
Sabato, 2007). The dykes observed in lacustrine limestones 
lack a regular shape, so they could be formed by karstic dis-
solution (Zeng et al., 2018), as these limestones are charac-
terised by desiccation cracks on their surface.

4.3.2 � Plastic intrusions

Description. Plastic intrusions (also known as ‘hydrostatic 
intrusion’ (Lowe, 1975) form clusters of fine material that 
cut vertically upwards and sometimes laterally through host 
beds. These structures are observed mainly in siltstone, clay-
stone and fine sandstone beds. The observed structures have 
different dimensions, ranging from 20 to 30 cm high and 
10 to 60 cm wide. Some of them are embedded between 

fine sandstone beds and form sills (horizontal intrusions) 
(Fig. 8a, b), others rise upwards within the host layers and 
form sedimentary ‘diapirs’ (Fig. 8c, d).

Interpretation. These intrusions affect claystones and 
siltstones. Their geometric shapes are irregular, which dis-
tinguishes them from dykes. The upward movement of intru-
sion material is characterised by upturned bedding and also 
by bed separation in the case of concordant intrusions (sedi-
mentary sills, e.g., Onasch & Kahle, 2002). These intrusions 
correspond to the vertical and lateral hydroplastic flowage 
of non-cohesive water-saturated sediments (Lowe, 1975) of 
the Mm and Stm facies into very fine sandstones (Sm and Sh 
facies). Similar deformational structures have been reported 
by many authors (e.g., Onasch & Kahle, 2002; Berra & 
Felleti, 2011; Suter et al., 2011; Lunina & Gladkov, 2016).

4.3.3 � Load and associated structures (Figs. 6, 9)

Sedimentary beds with load structures outcrop, like the 
other SSDS, in all three synclines, but are most abundant 
in the AAK syncline, given the thickness of the formation 
there (> 1400 m), and its abundance of sandstone and silty 
bars intercalated with beds of predominantly Mm and Stm 
facies. More than 10 beds were observed in the AAK syn-
cline, three in the Plateau des Lacs syncline and three in the 
Outerbat syncline. The structures observed are diverse and 
of different sizes. According to the classification of Owen 
(2003), we recognize the following five types: simple load 
casts, pendulous load casts, attached load casts, detached 
load casts, and ball and pillows. Other structures are also 
associated with load casts such as diapirs and flame struc-
tures. These structures are centimetres to metres in size and 
often occur at the interface between fine sandstones and grey 
siltstones or mudstones.

4.3.3.1  Load casts and  flame structures  Simple load 
casts. Simple load cast structures are observed at the base 
of numerous fine sandstone beds (Sh and Sm facies) of the 
sheetflood deposit facies association (source layers), pen-
etrating the grey silty mudstones (Mm facies) of the lower 
layers (matrix). They form sandstone lobes, with sizes 
between 20 and 50 cm (Fig. 9a, b), which widen towards 
the source layer, while the silty claystones of the underlying 
lower layer form flame structures that thin upwards.

Pendulous load casts. At the interface between the fine, 
medium and sometimes coarse sandstone layers (Sm and Sh 
facies) and the underlying silty mudstone, pendulous load 
cast structures (Fig. 9c, d) are present. They are larger than 
the simple load casts and vary in size from 30 to 50 cm high 
and 10 cm to 50 cm wide. These structures have a shape that 
widens towards the bottom, where they are surrounded by 
the sediments of the lower layer (matrix).

Fig. 7   Neptunian dykes. a Two neptunian dykes with material 
derived from lacustrine silty limestones descending into floodplain 
clayey siltstones. c Photograph. d Sketch of c. A neptunian dyke in 
sheetflood facies sandstones penetrating into underlying grey silty 
mudstones
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Flame structures. Flame structures form 'anticlines' 
between simple load casts and pendulous load casts along 
the interface of the two deformed layers (Fig. 9a–d). These 
are often grey silty clays, which rise upwards forming sharp 
anticlines in the case of simple load casts, and broaden 
upwards in the case of pendulous load casts. The sediments 
of the flame structures are sometimes eroded, leaving cavi-
ties between the simple and pendulous load casts (Fig. 9c).

4.3.3.2  Interpretation of  load casts and  flame struc‑
tures  The beds affected by the load casts and flame struc-
tures formed, according to Rayleigh–Taylor instability, 
when the two mobilised layers are liquefied (Owen, 1987, 
2003). Owen also attributed the formation of these struc-
tures to gravitational forces associated with the reversed 
density system of Anketell et al. (1970). The beds affected 
by these structures consist of alternating silty mudstones 
and fine to very fine sandstones which favour fluidisation 
(Allen, 1982; Lowe, 1976). The formation of simple load 
casts and pendulous load casts depends on the rate of liq-

uidisation of the sedimentary layers and the continuity of 
the deformation. Within the Isli Formation, pendulous load 
casts are the most developed form of load cast structures.

4.3.3.3  Pseudonodule structures  Attached and detached 
pseudonodule structures. At the interface between fine 
sandstone and silty claystone, many deformed beds con-
tain pseudonodules, which are either attached (Fig.  9e, f) 
or detached (Fig. 9g) from their source layers. These pseu-
donodules are of different sizes, 30–60 cm wide and 0.4–1 
m high, and are surrounded by the sediments of the lower 
layers (matrix), often grey silty mudstones. In some cases, 
the matrix layer shows deformation, such as small faults and 
folds, caused by the downward movement of the pseudonod-
ules (Fig. 9e). Some detached pseudonodules are character-
ised by primary laminations preserved despite movement 
towards the matrix layer (Fig. 9g).

Ball and pillow structures. These structures are formed 
by balls of coarse siltstones and well compacted fine 
sandstones (Fig. 9h, i). They are rounded in shape, have 

Fig. 8   Some field photos of the plastic intrusions. a A sill of clayey siltstones in fine sandstones (Sh). b A sill of grey siltstone in fine sandstone. 
c The vertical intrusion of red siltstone into grey siltstone. d The vertical intrusion of red siltstone into very fine sandstone
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a diameter of about 35 cm, and are completely detached 
from their source layers. They are buried in the underlying 
matrix, which is composed of grey lacustrine clays and red 
siltstones. This type of load structure is observed in the Pla-
teau des Lacs and in Outerbat synclines.

4.3.3.4  Interpretation of  pseudonodule structures  The 
mode of formation of these structures is the same as that 
of the load casts, already described above, except that it 
is more advanced in terms of the degree of deformation 
at the ball-and-pillow bed (Owen, 2003). Owen attributed 

this mode to the repeated detachment of pseudonodules 
contemporaneously with continuous fluidisation, as well 
as to the very high density of the source layer compared to 
the matrix, implying a downward movement of the sand-
stone balls within the silty argillites. Pseudonodule struc-
tures are widely reported from diverse depositional envi-
ronments (e.g., Sims, 1975, 2013; Berra & Felleti, 2011; 
Koç-Taşgın, 2011; Pillai & Kale, 2011; Liesa et al., 2016; 
Ali & Ali, 2018; Morsilli et al., 2020).

Fig. 9   Field photos of some load structures. a Simple load casts 
(Lc) with flame structures (FS) in the interfingering of a sheetflood 
sandstone bed and a lacustrine silty mudstone. b and c Pendulous 
load casts (Pn) with upward open diapirs in the same facies as A. d 
Pendulous load casts with folded deformation below the matrix and 
small load casts in the source layer above the main deformed bed. e 

A large attached isolated pseudonodule caused folding and faulting 
(bottom right) in a more-or-less lithified matrix during deformation. 
f Attached pseudonodule rooted in silty claystone. g Detached pseu-
donodule with preserved horizontal laminations (Sh facies). h and i 
Ball and pillow structures (B&P) are formed by fine sandstones pre-
served in silty mudstones. Hammer for scale (33 cm)
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4.3.4 � Slumps

Description. Slumps of varying sizes, ranging from centi-
metre to decimetre-scale, occur in the Isli Formation sed-
imentary beds (Fig. 3). These slumps are well preserved 
within sheetflood sandstones (Fig. 10a-c), floodplain depos-
its (Fig. 10d) and lacustrine limestone (facies) (Fig. 10e). 
The slump sheets are always intercalated with undeformed 
beds, with some of them are characterised by single fold, 
while others extend continuously over a few meters’ length 
with symmetrical, asymmetrical and sub vertical axial 
planes folds. They affect the entire bed, but sometimes the 
deformation only affects its basal part (Fig. 10b).

Interpretation. The intercalation of slumps and unde-
formed sedimentary beds indicates that they are SSDS 
(Alsop et al., 2019, 2020; Collinson & Mountney, 2019; 

Maltman, 1984; van Loon, 2009). However, distinguishing 
between folding during soft sediment deformation (SSD) 
and tectonic folds in the sedimentary record is quite a deli-
cate task (see Maltman, 1994; Waldron & Gagnon, 2011; 
Alsop et al., 2019, 2020).

During slumping, a single event occurs for each slump 
bed, which is formed by the gravity-driven shearing of 
partially liquefied beds (e.g., Alsop & Marco, 2013). The 
affected beds are quasi-horizontal and there is no evidence 
of a slope, but this does not prevent their formation. It is 
known that these structures form on slopes of less than 
1° (García-Tortosa et al., 2011) and potentially even less 
than 0.25° (Spalluto et al., 2007). Thus, oversteepening 
can be ruled out for the formation of these slumps. Sev-
eral authors have described similar slumps as SSDS (e.g., 
Martín-Chivelet et al., 2011; Spalluto et al., 2007).

Fig. 10   Examples of slump folds exposed within some sedimentary 
beds. a Continuous slump folds within sheetflood sandstone. b The 
slump in horizontally bedded sandstones (Sh facies) with axis plane 
N145 and inclined to the southeast. c Slumping in the siltstone inter-

bedded with fine sandstone. d The slump in the siltstone interbedded 
with fine sandstone. d Hydroplastic anticlinal and synclinal folds in 
the sandstones (Sh facies). e soft sediment folding in lacustrine lime-
stone
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4.3.5 � Convolute laminations

Description. In a bed, deformed laminations bounded by 
undeformed laminations are called convoluted laminations 
(Allen, 1977, 1982). Convolute laminations described here 
are up to 15 cm high and sometimes extend laterally for a 
metre or more. In the Outerbat syncline, beds of lacustrine 
silty limestone contain slightly folded laminae (Fig. 11a). 
Sometimes the laminations form asymmetrical folds, espe-
cially in fine to medium horizontally laminated sandstones 
(Sh facies) (Fig. 11b–d). Laminations also show anticlines 
with an upward increase in amplitude (Fig. 11c, d). Some 
convolute laminations occur in beds that also exhibit load 
structures.

Interpretation. This type of SSDS is widely described 
in different environments and several interpretations have 
been proposed. For example, Neuwerth et al. (2006) con-
cluded that convoluted laminations are due to gravitational 
instabilities associated with inverse density gradients. Struc-
tures found in the sheetflood deposit facies resemble those 
described by Davies et al. (2005), who concluded that con-
volute laminations are due to the formation of anticlines and 
synclines in the upper parts of the liquidised beds. Other-
wise, these structures are formed when the cohesive strength 
and low permeability of the accumulated sediments begin to 

prevent escape of the free upward flow of pore fluids (Lowe, 
1975). According to Moretti and Sabato (2007), convolute 
lamination structures are only formed in sandstone and silty 
sediments due to liquefaction.

4.3.6 � Water‑escape structures

4.3.6.1  Cusps  Description. Water-escape structures are 
well exposed in lacustrine limestones and sandstone facies 
of sheetflood deposits. These structures are small anticli-
nal cusps within the same bed, i.e. a group of laminae only 
which are involved in their formation. Their size can be up 
to 10 cm high and 6 cm wide. The upward movement of the 
material is clearly visible in the affected beds, pushing the 
crossed laminae upwards (Fig. 12).

Interpretation. As their name suggests, these water-
escape cusp structures are formed when liquefied sediment 
flows upwards through the overlying laminae immediately 
after deposition (Ghosh et al., 2012). We distinguish them 
from plastic intrusions by their size and the sediments they 
affect. Fluidisation phenomena are well pronounced due 
to the vertical movement of the sediment (Lowe, 1976; 
Nichols et al., 1994), and this upward movement generates 
shear stress in the upper laminae according to fluidisation 
rate. Furthermore, the laminae through which the liquefied 

Fig. 11   Some convolute lamination structures observed in the differ-
ent synclines. a Convolute laminations in gently folded folds in the 
lacustrine limestones (LMF2 facies). b Convolute laminations super-
imposed with asymmetric folds. c Convolute lamination with asym-

metric open folds at the bottom and gently inclined syncline and anti-
cline folds. d Folded lamination within the fine sandstone bed with a 
visible increase in amplitude towards the top
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sediment passes are less dense than the source laminae. 
This is the normal density gradient of Anketell et al. (1970). 
Often small folds in laminae less affected by liquefaction are 
the result of hydroplasticity and the localised development of 
fluidisation (Bhattacharya & Bandyopadhyay, 1998; Owen, 
1996). Many similar water-escape structures are described 
in the related literature (Alfaro et al., 1997; Koç-Taşgın & 
Türkmen, 2009; Koç-Taşgın et al., 2011; Kundu et al., 2015; 
Rudersdorf et al., 2015; Ozcelik, 2016; Koç-Taşgın, 2017).

4.3.6.2  Injection dyke  Description. A single intrusive 
dyke has been identified in the Isli Formation in the Plateau 
des Lacs syncline. It is 3 m high, 90 cm wide at the base and 
40 cm wide at the top (Fig. 13). It consists mainly of white 

carbonate sandstones vertically cut by red clayey siltstones. 
The latter are formed by poorly consolidated floodplain 
siltstones. The whole structure is tilted towards the NE and 
affected by faults that have displaced the dyke itself. The 
sediment infill of the dyke is identical to that of an underly-
ing layer, which is about 1 m thick, and may be the source 
layer. No primary sedimentary structures (such as lamina-
tions) are preserved in the dyke.

Interpretation. The similarity of the sediments infilling 
the dyke to those of the underlying source layer and the 
thinning of the dyke upwards demonstrate that it is an injec-
tion dyke. This type of dyke, recognised as a soft-sediment 
deformation structure (Montenat et al., 2007), results from 
a fluidisation process by raising pore pressure, which allows 

Fig. 12   Field photos and interpretation of water-escape cusp struc-
tures: a Photograph. b Sketch of a. water-escape cusp in lacustrine 
limestone (LMF2 facies). c Photograph. d Sketch of c. A silty mud-
stone cusp observed at the bed of the thin section (LMF2 facies). e 
Photograph. f Sketch of e. Cusp structure in a sandstone bed (facies 

Sh). g Photograph. h Sketch of g. a cusp in fine sandstone (facies Sl). 
i Photograph. j Sketch of i. Small, gently inclined anticlinal cusp. k 
Photograph l Sketch of k. Cusp structure in the fine sandstone (facies 
Sh)
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the still water-saturated (liquefied) material to rise upwards 
through hydrofractures (Allen, 1982; Owen, 1996; Ober-
meier, 2009). This structure is widely described in different 
depositional environments (e.g., Obermeier et al., 1996; El 
Taki & Pratt, 2012; Ghosh et al., 2012).

4.3.7 � Loop bedding structures

Description. Loop bedding structures (sensu Calvo et al., 
1998), also called pinch-and-swell structures (e.g., Knaust, 
2002) are a group of clearly stretched laminae with looped 
intervals. These structures are well exposed in a lacustrine 
limestone bed (LMF2 facies) in the Outerbat syncline. They 
are characterised by small stretched loop bedding of 1–3 cm 
associated with disturbed laminations, as well as thickening 
and thinning of lamina sets (Fig. 14a, b). Laterally in the 
same bed, loop beddings affect several superimposed lami-
nae (Fig. 14c) and are sometimes associated with neptunian-
like dykes (Fig. 14d).

Interpretation. Like other SSDS, these structures are 
formed during sedimentation before the sediment is fully 
lithified. They are formed in beds that are sensitive to hydro-
plastic behaviour, and they result from horizontal stretch-
ing parallel to the laminations (Plaziat & Ahmamou, 1998; 
Calvo et al., 1998; Knaust, 2002). This stretching is due to 
local normal stress. This type of soft-sediment deformation 
structure has been reported from different geological settings 

by Calvo et al. (1998), Rodrıǵuez-Pascua et al. (2000), Berra 
and Felleti (2011), Martín-Chivelet et al. (2011), El Taki and 
Pratt (2012), Dechen and Aiping, (2012), Törö and Pratt 
(2016), Yang and van Loon (2016), Zeng et al. (2018), Chen 
et al. (2020) and Alencar et al. (2021).

4.3.8 � Gravifossum structures

Description. In the Outerbat syncline, two gravifossum 
structures (sensu van Loon & Wiggers, 1976) were observed. 
These are two small depressions. The first one, which is 1 
m wide and 0.6 m high, affects clayey siltstones and fine 
sandstones and is filled with grey silty mudstones and fine 
sandstones (Fig. 15a). The second one, about 0.4 m high 
and 0.25 m wide, affects clayey siltstone and red floodplain 
sandstone. This structure is filled with the same material 
and capped by undeformed lacustrine limestones. Its borders 
show microfaults and small synclinorium folds (Fig. 15b).

Interpretation. van Loon (1992, 2009) suggested that the 
formation of gravifossum is complex. Analysis of the gravi-
fossums observed in the Outerbat syncline shows that the 
affected beds underwent liquefaction that first led to load-
ing phenomena, such as load casts, and then faults would 
have accentuated the subsidence by giving it a micro-graben 
shape. The synclinal shape associated with hydroplastic 
folds could be caused by loading, as suggested by van Loon 
and Wiggers (1976). Like the load casts, these gravifossums 
are form by gravity in unstable clayey siltstones and fine 
sandstones at the time of deposition, and are associated with 
the reversed density gradients of Anketell et al. (1970).

4.3.9 � Synsedimentary faults and fault‑grading

Description. Numerous synsedimentary faults affect differ-
ent beds in the Isli Formation. These faults are centimetre 
to metre-scale and affect laminae within the sandstone beds, 
or offset several beds (Fig. 16a–f). They are well preserved 
and mostly normal in terms of sense of motion, sometimes 
forming simple faults (Fig. 16c, d), grabens (Fig. 16b) and 
graded normal faults (Fig. 16a, e, f). They offset the sand-
stone, red clay siltstone and grey claystone layers. Their dips 
vary between 40° and 80°, and some are associated with 
other SSDS as load structures literally in the same beds.

Interpretation. Seilacher (1969) was the first to relate 
synsedimentary fault gradations to earthquakes. The beds 
containing these faults are also known as seismites. Defor-
mation by these faults is interpreted as the result of low pore 
pressure in the still soft sediment (Maltman, 1994; Moretti 
& Sabato, 2007; Owen, 2003). The direction of the most of 
these faults is parallel to the direction of the major faults in 
the region, suggesting that these directional faults normally 
occur during sedimentation of the Isli Formation depos-
its. One of the determining criteria in distinguishing these 

Fig. 13   A Photograph. Sketch of b. Injection dyke formed by carbon-
ate sandstone shows upward thinning. Geological hammer for scale is 
33 cm long (red circle)
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faults from others of tectonic origin is their preservation by 
undeformed beds or laminations (Montenat et al., 2007). 
Beds containing similar synsedimentary faults have been 
described by several authors as soft-sediment deformation 
structures (e.g., Zanchi 1992; Bhattacharya & Bandyopad-
hyay, 1998; Koç-Taşgın et al., 2011; Kale et al., 2016; Ko 
et al., 2017; Koç-Taşgın & Diniz-Akarca, 2018; Chen et al., 
2020; Hou et al., 2020; Neuwerth et al., 2006; Bhattacharya 
& Saha, 2020).

5 � Discussion

After description, classification and the interpretation of 
driving forces and mechanisms of deformation of the SSDS, 
the identification of the triggering mechanism of the SSDS 
is the final and key step. In this paper, we followed the meth-
odology of Owen and Moretti (2011).

The formation of SSDS is often due to liquefaction and 
fluidisation. This primary process occurs when a water-sat-
urated sediment is subjected to sufficient stress or shaking, 
causing it to become liquid-like. Indeed, the mechanisms 
of deformation may be triggered by many different pro-
cesses (Owen & Moretti, 2011; Owen et al., 2011b). The 
most common trigger is seismicity. An earthquake of mag-
nitude of at least 5 is needed to cause liquefaction. In order 

to correctly assign the trigger for layers with SSDS, we must 
first exclude other possible triggers and then argue for the 
seismic trigger. The challenging task in the nomination of a 
deformed bed as a seismite is to exclude all other autogenic 
and allogenic possible triggers (Moretti & van Loon, 2014). 
Hereafter, in the following subsections, the discussion of 
many potential triggers begins. First, the exclusion of the 
control of facies on the formation of SSDS. Second, as the 
Isli Formation is rich in dinosaur and other tetrapod tracks 
and trackways, they can form SSDS-like features, especially 
those displayed in the section, known as dinoturbation, were 
excluded for SSDS reported in this work. Third, overloading, 
as known in the SSDS formation process, is also excluded 
based on sedimentological evidence. Fourth, as strong evi-
dence of seismites, the basin's tectonic activity is provided, 
along with the geodynamic and seismic settings of the area 
during Isli Formation deposition. Finally, we discuss the 
possible seismic magnitudes that could produce seismites.

5.1 � The facies‑SSDS relationship

The studied formation extends over several tens of kilo-
metres and the outcrop conditions are excellent, so that we 
could easily study most of the deformed beds over long dis-
tances. The soft-sediment deformation structures are well 
exposed in the different facies of the fluvio-lacustrine Isli 

Fig. 14   Some photos of loop-bedding structures observed in the 
sedimentary beds of the Isli Formation. a Photograph. b Sketch of a. 
Loop bedding with disturbed, thickening and thinning lamina. c Loop 

bedding structures are visible in the same bed as b. d Loop bedding 
structures as stretched boudins (white arrows) associated with a Nep-
tunian dyke (red arrow) in the same bed as b and c 
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Formation, dominated by fine grain sizes, favouring their 
formation (Lowe, 1976; van Loon, 2009). The sandstone 
beds of the FA3 facies association are the most deformed. 
This deformation disappears laterally in the fine floodplain 
deposits due to the change in grain size, density homogene-
ity and water saturation of the sediments at the time of the 
earthquakes (Alfaro et al., 2010; Civico et al., 2015; Ninfo 
et al., 2012). Indeed, we found that the floodplain deposits 
record only rare SSDS (synsedimentary faults, slumps and 
intrusions). We also noted that the size of SSDS such as load 
structures, depends on the thickness of the sandstone beds. 
SSDS which were formed in lacustrine carbonate beds did 
not continue laterally into other facies.

Although there is repetition of the same levels with iden-
tical facies characteristics over several hundred meters, only 
some beds recorded SSDS, suggesting that there may not be 
a direct relationship with specific facies types.

5.2 � Exclusion of endogenic and exogenic triggers

The fluvio-lacustrine deposits of the Isli Formation were 
deposited in the distal zone of a large distributive fluvial 
system under a warm climate. In this context, certain 

triggers soft sediment deformation can be excluded, such as 
tsunamis, glacial loading and tidal shear. Furthermore, the 
deformed lake beds do not show any structures that would 
indicate storm waves such as hummocky cross stratification 
or the transport of sedimentary balls. The lack of evidence 
for a significant palaeoslope allows us to discard the action 
of gravitational instabilities. Furthermore, we found no evi-
dence of high sedimentation rates in the facies of the studied 
formation, because the deformed beds and their underlying 
and overlying beds usually show fine laminations. Some 
structures, considered as SSDS (e.g., Ezquerro et al., 2015) 
and clearly related to endogenic triggers such as erosion sur-
faces, dissolution cavities, desiccation cracks, bioturbation 
and palaeosol beds with rhizoliths and nodules etc., are not 
considered in this work. Some triggers reported as causes of 
the formation of some types of soft-sediment deformation 
structures, such as dinosaur locomotion (dinoturbation) and 
overloading, are discussed below.

5.2.1 � Dinoturbation

The Imilchil region can be qualified as a Type 3 megatrack-
site or a Zoological Ichnofaunal Province (ZIP) (sensu Lock-
ley & Meyer, 2023) thanks to the exceptional richness of the 
Imilchil and Isli formations in dinosaur tracks and track-
ways, mainly of theropods and sauropods (Gierliński et al., 
2009; 2017; Klein et al., 2018, 2023; Oukassou et al., 2019; 
Boutakiout et al., 2020; Masrour et al., 2020; Oussou et al., 
2023). The locomotion of dinosaurs causes deformation of 
the still unlithified sediments, which produces structures 
that sometimes resemble those caused by other deforma-
tion mechanisms, notably simple load casts. The bioturba-
tion structures left by dinosaurs (vertebrate bioturbation) are 
called dinoturbation (Carvalho et al., 2022; Christofoletti 
et al., 2021); these are not taken into account in this study. 
These structures are very limited in occurrence, with just 
one or two ichnosites in the study area. In addition, they 
show deformation of sediment partially liquefied. These fea-
tures distinguish them from other SSDS such as load struc-
tures, folds and convolute lamination.

5.2.2 � Overloading

We consider it unlikely that overloading is a trigger for 
deformation in the Isli Formation for the following rea-
sons: (i) all facies in the SSDS beds are fine to very fine, 
well-graded and often finely laminated facies; (ii) the beds 
have kilometre-long extensions in a low-energy continental 
depositional environment; (iii) the thickest channel deposits 
are devoid of SSDS, and (iv) the deformed beds are framed 
by others which show no evidence of overloading. For all 
these reasons, overloading is unlikely to be the trigger for 
the SSDS studied here.

Fig. 15   Field photos of gravifossums. a Record of a fine sandstone 
gravifossum in clayey siltstone alternating with thin fine sandstone 
beds. b The gravifossum affects grey silty claystone and deforms an 
alternation of clayey siltstone and red fine sandstone beds at the bot-
tom
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5.3 � Tectonic and seismic activity of the study area

The only remaining trigger for the SSDS, after exclusion of 
endogenic triggers such as dinoturbation or overloading is 
seismicity. The seismogenic faults could be those located 
along the ridges. The Isli Formation was deposited during 
the Bathonian-? Late Jurassic in an extensional setting with 
diapirism and the emplacement of magmatic intrusions. 
Salt tectonics produces several anticlinal ridges and synk-
inematic synclines (Joussiaume, 2016; Malaval et al., 2014; 
Michard et al., 2011; Moragas, 2017; Saura et al., 2014).

Along the edges of the boundary ridges, the forma-
tions form progressive unconformities (Ibouh, 1995, 2004; 

Ibouh & Chafiki, 2017). The Isli Formation is deposited in 
angular unconformities on the Tassent Formation in some 
places in the AAK syncline (Fadile, 2003), which is evi-
dence of the tectonic activity of the ridges before and dur-
ing the deposition of the Isli Formation. Synsedimentary 
normal faults and well-preserved tilted blocks in the vari-
ous synclines (Fig. 16) also indicate that the formation was 
deposited under syntectonic conditions. Not far from the 
cores of the ridges, which consist mainly of CAMP basalts 
with intercalations of Triassic metamorphosed whitish red 
claystones, the studied formation shows that it was affected 
by the continuous upward movement of the ridges. This is 
reflected in the thickening of the beds towards the centre of 

Fig. 16   Field photos showing some synsedimentary faults in the Isli 
Formation. a Normal microfaults (indicated by the hand symbol) 
affect horizontally laminated sandstone. b A bed affected by a grada-
tion of synsedimentary horst and graben faults. c Superimposed nor-
mal faults well preserved by the upper beds affecting thin floodplain 

beds (N10; 50–75°W). d A synsedimentary normal fault marked by 
thickening of grey argillites. e Further micro-faults in laminations of 
a sandstone bed (N150; 50°W). f A gradation of synsedimentary nor-
mal faults (N65; 55°–80°NW)
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the basin (Fig. 2). These progressive unconformities are well 
exposed at the edges of the Plateau des Lacs and Outerbat 
synclines. Magmatic activity in the form of dolerite dykes, 
basaltic flows and gabbroic intrusions (Armando, 1999; 
Calvín et al., 2017) also indicate a geodynamical extensional 
setting during the deposition of the Isli Formation and pre-
vailed throughout the Mesozoic Era in the central High Atlas 
(Warme, 1988; Frizon De Lamotte et al., 2009; Charrière 
et al., 2011; Torres-López et al., 2016; Calvín et al., 2017; 
Ibouh & Chafiki, 2017 Calvín et al., 2018a, 2018b; Ouaskou 
et al., 2021).

Researchers found that in most cases, to trigger liquefac-
tion, earthquake epicentres (major faults) must be located 
within 40 km of the deformed beds (Galli, 2000; Moretti, 
2000; Rodrıǵuez-Pascua et al., 2000). In the study area, each 
syncline is surrounded by major faults (anticlinal ridges) 
active during the deposition of the formation in question, 
with a distance of less than 5 km from each seismite bed 
(Figs. 1b, 2). Indeed, the three synclines and their surround-
ing ridges are grouped together in an area whose diameter 
does not exceed 30 km.

The depositional environment corresponds to the distal 
zone of a large DFS interspersed with extensive lakes. It 
was formed as a result of tectonic subsidence caused by the 
reactivation of regional faults of the Palaeozoic basement. 
This depositional environment has played the role of broad 
lateral distribution of SSDS and is considered suitable to 
liquefaction (Galli, 2000 and references therein).

The lateral, sometimes kilometre-long, distribution and 
repetition of SSDS in different sedimentary beds are argu-
ments in favour of a seismic origin of all beds with SSDS 
(Moretti & van Loon, 2014). The rise of anticlinal ridges 
may generate normal faults and neptunian dykes in adjacent 
synclines. Such normal faults form around diapiric struc-
tures (Alsop et al., 2000; Rowan et al., 2020). They may also 
be related to subsidence of the synclines during the extensive 
Jurassic tectonic phase in the area.

Jurassic seismicity in the study area is closely related to 
the major normal faults that were active during the Isli For-
mation deposition. These NE-trending Palaeozoic basement 
faults have moved in an extensional setting. It is important to 
note that these faults have considerable dimensions, extend-
ing over tens of kilometres (Fig. 17). With regard to the 
depth of these faults, they penetrate to over 5000 m, which 
is the total thickness of the Jurassic cover in the study area. 
These seismogenic faults caused seismic shaking that led 
to an increase in pore-fluid pressure in the water-saturated 
sediments.

5.4 � Earthquake magnitudes

The estimation of the magnitude of the earthquakes respon-
sible for the formation of SSDS is controversial. Guiraud and 

Plaziat (1993) and Rodrı́guez-Pascua et al. (2000) have pro-
posed a scheme to distinguish magnitudes according to the 
type of SSDS. Obermeier (1996) also estimated magnitudes 
based on the size of the SSDS. Galli (2000) showed that 
there is a link between the distance from earthquake source 
and the magnitude of the formation of liquefaction-induced 
structures. However, Moretti and Sabato (2007) and Alfaro 
et al. (2010) have criticised these magnitude estimates. It is 
known that, in order to cause liquefaction, an earthquake 
magnitude of at least 5 is needed. The SSDS that formed 
without liquefaction, such as loop bedding structures, may 
require smaller magnitude earthquakes (Berra & Felletti, 
2011; Rodrı́guez-Pascua et al., 2000).

In our study area, the three synclinal "mini-basins" stud-
ied are delimited by four anticlinal ridges. These major Atla-
sic faults inherited from the Hercyinian orogeny are still 
active (Medina & Cherkaoui, 2021). Galli (2000) proposed 
a diameter of less than 40 km from the epicentre for a mag-
nitude 6 earthquake to generate SSDS. It is very difficult to 
link an SSDS bed to a specific fault. The exposure of beds 
in synclines is mostly parallel to the main faults in the area 
(Fig. 1b), making it difficult to prove the zonation of SSDS 
(Moretti & van Loon, 2014; Owen & Moretti, 2011) in the 
deformed beds.

6 � Summary and conclusion

This paper presents the first sedimentological study of the 
Jurassic red beds in the axis of the Atlas system, and focuses 
on the fluvio-lacustrine sediments of the Bathonian-? Upper 
Jurassic Isli Formation. The depositional environment of the 
Isli Formation corresponds to the distal zone of a large Dis-
tributary Fluvial System (DFS) with large lacustrine areas. 
This palaeoenvironment formed following eastward retreat 
of the Tethyian Sea from the entire Atlas system.

Fig. 17   Regional palaeogeographic map (Bathonian-Callovian inter-
val) showing major faults in the study area (after Moragas, 2017)
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Soft sediment deformation is very common in the Isli 
Formation. Several types of soft-sediment deformation 
structures have been described: neptunian dykes, slumps, 
load structures, slump folds, convolute lamination structures, 
water-escape structures (cusps and injection dyke), loop bed-
dings and gravifossums. The analysis of these soft-sediment 
deformation structures show that they have been deformed 
by liquefaction and fluidisation.

Several criteria for seismite recognition have been veri-
fied and confirmed, namely: (i) all deformed beds are sepa-
rated by undeformed ones, (ii) the beds are continuous over 
long distances, (iii) there is evidence of an active tectonic 
regime during the deposition of the beds, (iv) similarity of 
the observed SSDS with current earthquake-induced SSDS, 
and (v) vertical repetition of certain beds of the same defor-
mation style.

The liquefaction and fluidisation that led to the formation 
of the SSDS in the Jurassic Red Beds of the Atlas Belt axis 
are, with reference to the current data, the result of earth-
quakes (Table 2).

The frequency and distribution of seismite beds in the 
three studied synclines of the High Atlas allow us to con-
clude that several faults were active during sedimentation 
of the Isli Formation Red Beds (lower Bathonian-? Upper 
Jurassic). This tectonic activity could be related to salt tec-
tonics along the ridges.
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