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The wide variety of soft-sediment deformation structures (SSDS) developed within deposits of the same age may hinder the
interpretation of their origin. Some types of SSDS may appear similar though have different trigger mechanisms, while others
may result from a specific mechanism. Furthermore, the development of particular SSDS may be influenced by several syn-
chronous or semi-synchronous factors. This study deals with the recognition of SSDS trigger mechanisms with respect to
lithological and deformational features of the deposits concerned. Turbidite deposits of late Neogene age in the Hadjret El
Gat area (Tafna Basin) contain different types of SSDS associated with (1) slope processes (e.g., slump folds) and induced
overburden pressure, coupled with broken beds and overloading structures, and (2) liquefaction and fluidisation phenom-
ena, leading to the development of load structures, ball-and-pillow structures, water-escape structures and syndepositional
faults. These two mechanisms of SSDS formation in the study area are thought to result from seismically-induced triggers.
Recognition of a vertically-repeated, sandwich-like arrangement of deformed and undeformed layers along with the SSDS
features ("trapped" within beds) suggests that these internally-deformed beds are seismites, the first recognized in the Tafna
Basin of NW Algeria. Large earthquakes may trigger seismic waves energetic enough to deform strata and induce the devel-
opment of SSDS. This hypothesis is supported here by tectonic evidence, given deposition of the Tafna Basin strata in the
convergence zone between Africa and Eurasia, active since the late Neogene.
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INTRODUCTION Altun, 2019). Such deformation structures are thought to be
formed during or shortly after deposition (Rossetti, 1999) lead-

ing to rearrangement of the original sedimentary structures

Soft-sediment deformation structures (SSDS) are found in
all depositional environments, including lacustrine/glaciolacu-
strine, marine, fluvial/glaciofluvial, lagoonal, periglacial one etc.
(Seilacher, 1969; Allen, 1977; Owen, 1987, 1996; Jones and
Omoto, 2000; Moretti, 2000; Moretti et al., 2001; Mazumder et
al., 2006; Montenat et al., 2007; Owen and Moretti, 2011; Owen
et al., 2011; Pisarska-Jamrozy and Zielinski, 2012; Pisarska-
Jamrozy, 2013; Pisarska-Jamrozy and Weckwerth, 2013; Bhat
et al., 2016; Umair and Syed Ahmad, 2018; Kog-Tasgin and
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(Maltman, 1984).

SSDS are a widely reported phenomenon in a variety of tec-
tonic settings, including passive continental margins, subdu-
ction zones, and strike-slip environments (\Waldron and Gag-
non, 2011). They may also be induced by exogenic forcing e.g.,
glacio-isostatic rebound (Brandes et al., 2015; Van Loon et al.,
2016; Wozniak and Pisarska-Jamrozy, 2018; Pisarska-Jamro-
zy et al., 2018, 2019a, b; Pisarska-Jamrozy and Wozniak,
2019). Moreover, SSDS may preserve the records of changes
that sediments have undergone due to 1) gravity-driven pro-
cesses operating on a palaeoslope; these include the folds and
flexures commonly developing within slumps (e.g., Farrell and
Eaton, 1987; Bradley and Hanson, 1997; Alsop et al., 2007,
Pisarska-Jamrozy, 2006, 2008); 2) liquefaction and/or fluidi-
sation induced by earthquakes; these include load casts,
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pseudonodules, ball-and-pillow structures, water-escape struc-
tures (Allen, 1982; Owen, 1987; Moretti and Ronchi, 2011).

Many attempts have been made to infer the genesis of the
SSDS on the basis of lithological features (e.g., Wozniak and
Pisarska-Jamrozy, 2016; Belzyt et al., 2021; Wozniak et al.,
2021). However, the discrimination of several trigger mecha-
nisms that were operating simultaneously (or semi-synchro-
nously) remains a challenge. No objective criteria to distinguish
them have yet been established (cf. Mulder et al., 2011;
Shanmugam, 2016).

This study (1) reconstructs the development of SSDS re-
corded in the Hadjret El Gat turbidite succession in the Miocene
Tafna Basin (northwestern Algeria) (2) defines diagnostic fea-
tures for SSDS of seismic origin, and (3) determines features of
SSDS that develop synchronously or semi-synchronously as a
consequence of both seismic and mass flow processes.

GEOLOGICAL SETTING

The Tafna Basin is an intramontane Neogene basin lo-
cated on the northern coast of Algeria (Fig. 1A). Itis bordered
by the Mediterranean Sea to the north and by the Tlemcen
Mountains, Traras Mountains and Tessala Mountains to the
south, west and east, respectively (Fig. 1B). The Miocene of
the Tafna Basin includes deposits of both marine and conti-
nental origin (Mahboubi et al., 2015; Benzina et al., 2023).
There are few biostratigraphic studies of these deposits.
Guardia (1975) interpreted their Serravallian age from the
presence of Globoratalia mayeri and Globorotalia menardii
that correspond to N14, N15 and N17 of the Blow biozonation.
Furthermore, Mazouzi (2004) assigned a Serravallian age to
the turbidite deposits due to the presence of the calcareous
nannofossil species Discoaster kugleri, D. bellus and D.
calcaris. This interval corresponds to the reddish clayey marls
of the Lower Chelif Basin (Benzina et al., 2019), with Boucif
(2006) and Benzina (2014) reconstructing the geodynamic
and sedimentological evolution of the basin.

Some authors inferred recurring seismic activity during the
sedimentation of the turbidite deposits in the Hadjret El Gat
area. According to Glangeaud (1951), Dubourdieu (1962) and
Andrieux (1971), the Tafna Basin was tectonically active during
the late Neogene (Miocene), being dominated by extensional
tectonics during the Serravallian-Lower Tortonian and com-
pressional tectonics during the upper Tortonian-Messinian.
This interval of seismic activity was followed by volcanic
(rhyolitic) activity from the late Miocene at ~14 Ma (Megartsi,
1985). Boukhedimi et al. (2017) and Guessoum et al. (2018), in
their studies of the coastal Quaternary deposits from NW Alge-
ria, indicated seismic activity during this period.

The Hadjret El Gat section under study (Fig. 1B) occupies
the central part of the Tafna Basin. The N-S oriented section is
located ~30 km south of the coastline and 30 km north of the
city of Tlemcen (Fig. 1A). The Hadjret El Gat section (300 m
thick) comprises alternations of thick-bedded slumped sand-
stones (with turbidite features, see Fig. 2E) with bluish marls
(Fig. 2). It was divided into seven members (see M1-M7 in Fig.
2A) ranging from 12 to 45 m in thickness (Fig. 2B—F), the ma-
rine deposits of Hadjret El Gat being unconformably overlain by
Quaternary fluvial terrace deposits that consist mainly of poly-
genetic conglomerates, gravels and silts with a reddish mud
matrix (Fig. 2F).

METHODS

The 300 m thick sedimentary succession at Hadjret El Gat
was divided into seven members (Fig. 2A) by Benzina (2014).
Deformation structures recorded in the sandstone-marls beds
(Fig. 2) were investigated and described. Observed SSDS were
studied in relation to lateral sedimentary variations, changes in
the style and intensity of deformation, and the dimensions,
shapes and position of deformation structures within the beds.

Interpretation of lithological features of the SSDS aimed at
determining the processes generating them. Two groups of de-
formation structures were identified and associated: (1) lique-
faction phenomena, i.e. unstable density contrasts when sedi-
ment becomes liquidised (load structures, pseudonodules,
ball-and-pillow structures, water-escape structures); and (2)
mass movements (e.g., folds, broken beds, overloading struc-
tures). Criteria adopted from Owen and Moretti (2011) were
used diagnostically, to identify the trigger(s) of the deformation
structures.

RESULTS AND INTERPRETATION

The SSDS commonly occurring within the Hadjret El Gat
succession were divided into two genetically-related groups as-
sociated with: (1) mass movements, and (2) liquefaction and
fluidisation phenomena. The SSDS-hosted beds are tilted and
overturned towards the NNE. This direction corresponds to an
asymmetrical anticline on the southern side of Mt. Djedir
(Benzina, 2014).

SOFT-SEDIMENT DEFORMATION STRUCTURES LINKED
WITH MASS MOVEMENTS

Description. The vertical succession of sandstones inter-
bedded with marls at Hadjret El Gat includes numerous me-
dium- to large-scale folds (ranging from 0.50 m up to >20 m;
Fig. 3B—D) with an overall vergence towards the south. These
folded beds bear numerous broken (Fig. 4A—C) and overload-
ing structures (Fig. 4D, E). The latter form massive, south-in-
clined bodies, the lowermost parts of which are thickened and
the uppermost parts bevelled (Fig. 4B, C). Furthermore, their
lowermost parts are enriched in shallow marine fossils, such as
bivalves and gastropods (Fig. 4F).

INTERPRETATION

The generally unidirectional inclination of folds recorded at
Hadjret El Gat, towards the south, indicates their slump-induced
origin. They are usually accompanied by broken beds. Both
structures develop due to the stretching of beds as these move
downslope. Inclined overloading structures originate from the
sudden and rapid sliding of unconsolidated sediments on a slope
(Fig. 4A, E) as previously reported by Doe and Dott (1980) and
Jones and Rust (1983). Downslope movement of sediments re-
corded in the Hadjret El Gat section is indicated by (1) the shape
of overloading structures, which follows the direction of sliding
(Fig. 4A—C), and (2) an increase in the content of shallow marine
fossils in the lowermost parts of overloading structures, resulting
from redeposition processes on the slope (Fig. 4F).
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Fig. 1. Geological map of the study area

A — location of the Neogene basins of NW Algeria;
B — location of the Hadjret El Gat section in the Tafna Basin (Naimi et al., 2021, modified)

Slump folds commonly recorded in unconsolidated sedi-
ments are interpreted as direct evidence of downslope move-
ment resulting from the partial loss of sediment strength and ap-
plied shear due to gravity (cf. Collision, 1994). This downwards
movement of sediments depends on their angle of repose, the

values of which vary when the sediments’ mass increases
(Alves and Lourenco, 2010; Alves, 2015). However, the com-
mon occurrence of slump folds in the Hadjret El Gat section
may also indicate sedimentary instability due to recurring earth-
quakes (cf. Ross et al., 2013; Valente et al., 2014).
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Fig. 2. Sedimentary succession of the Hadjret El Gat with details (after Benzina, 2014)

A — stratigraphic log of the Hadjret El Gat section divided into seven sedimentary members (M1-M7); B — sandstone beds overlain uncon-
formably by conglomerates; C — marl beds overlain unconformably by conglomerates; D — linguoid ripples (red arrows indicate palaeocurrent
direction); E — part of a Bouma sequence observed in the Hadjret El Gat section with identified T(c), T(b) and T(e) units; F — polygenetic con-
glomerates
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Fig. 3. Stratigraphic position of sandstones with soft-sediment
deformation structures

A —turbidite deposits observed in the lowermost part of the Hadjret El Gat section; B — small- to me-
dium-scale slump folds in (M4) showing sediment overloading parallel to the undeformed beds and
the direction of sliding; C — overturned set of beds in (M6) showing undeformed bed directed paral-
lel to the slump folds; D — large-scale slump folds in (M3) indicating the direction of sliding

SOFT-SEDIMENT DEFORMATION STRUCTURES LINKED
WITH LIQUEFACTION AND FLUIDISATION PHENOMENA

LOAD STRUCTURES
(LOAD CASTS AND PSEUDONODULES)

Description. Load casts are abundant at the boundary be-
tween the medium- and coarse-grained sandstones and the
overlying mudstones. They are characteristically semi-circular,
a few centimeters across (Fig. 5A). Well-developed load casts
of centimetre-scale with internal co-shaped lamination are also
observed in cross-section (Fig. 5B). Moreover, the sandstones
contain small and medium-scale pseudonodules (from 0.5 to
1 m wide), which are equidimensional and spheroidal in shape
(Fig. 5C—E). They commonly appear in attached forms, mainly
in thin layers of the fine- and medium-grained sandstones.

Interpretation. Load casts formed at the boundary be-
tween sand and overlying mud are commonly found in different
environments indicating unequal loading or reversed density
gradients due to seismic shaking (Mohindra and Thakur, 1998;
Owen, 2003; McCalpin, 2009; Topal and Ozkul, 2014; Roy and
Banerjee, 2016; Mazumder et al., 2016; Rana et al., 2016;
Wozniak et al., 2016; He et al., 2018; Belzyt et al., 2021). In the
Hadjret El Gat section, the medium or coarse-grained uncon-
solidated sands sank into the underlying mud (Fig. 5A). The
morphology of load structures is controlled by several factors,
such as the duration of the liquidised state, the magnitude of the
density gradient, and kinematic viscosity (cf. Chiarella et al.,
2016). The most advanced stage of their formation, when load
casts cut into water-saturated fine-grained sediments, is repre-

sented by pseudonodules (cf. Kuenen, 1958), formed by the
sagging of sandy load casts into underlying silty/sandy liquefied
sediments (cf. Olivera et al., 2011; Yang et al., 2016).
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direction of
sliding

Fig. 4. Mass-movement features in the Hadjret El Gat section

A — alternation of marls and slump-fold beds; B, C — detached structure of massive sediment overloading in (M4)
associated with slump folds and broken beds; D — attached structure of massive sediment overloading in (M3) as-
sociated with slumps folds and broken beds; E — in (M3) shows an overloading structure; F — bottommost surface
of deposits enriched in shallow marine fossils from (M4): Gs — gastropods, Bv — bivalves

BALL-AND-PILLOW STRUCTURES

Description. Ball-and-pillow structures are not as abun-
dant in the section studied as the load structures described
above. They are observed mainly in 2-3 m thick sandstones
that occupy the lowest part of the section. These structures are
infilled with massive coarse-grained sand and surrounded by
fine-grained sands (Fig. 5F—I). The ball-and-pillow structures
are usually 0.5 m in diameter and subspherical or circular in
shape (Fig. 5H). These structures are slightly curved or inclined

towards the SE, which corresponds to the inclination of layers in
which they are hosted.

Interpretation. Ball-and-pillow structures are formed due to
the penetration of less dense sediments into overlying sedi-
ments of higher density (cf. Collison, 1994). The mobilisation of
these less dense sediments occurs due to liquefaction induced
most commonly by earthquake shaking (cf. Oliveiraetal., 2011;
Bhat et al., 2016; Roy and Banerjee, 2016). The inclination of
ball-and-pillow structures and their hosting layers in the same
direction suggests their semi-synchronous origin. After the


https://doi.org/10.51835/bsed.2016.35.1.103
https://doi.org/10.1016/j.sedgeo.2010.09.011
https://doi.org/10.1007/978-94-011-0731-0_4
https://doi.org/10.1007/s12594-016-0412-y

Mostapha Benzina et al. / Geological Quarterly, 2023, 67: 26 7

load casts

load casts

Fig. 5. Deformation structures associated with liquefaction phenomena recorded
in the Hadjret El Gat section

A, B — load casts in sandstones in (M6, M2) respectively; C-E — from (M3, M7) pseudonodules of different
shapes and sizes; F-I — ball-and-pillow structures in (M1, M3 and M5)

main phase of formation, ball-and-pillow structures underwent
deformation (in a saturated, plastic state) due to mass flow pro-
cesses.

WATER-ESCAPE STRUCTURES

Description. Water-escape structures are observed only
within some of the beds studied beds in the lower and middle
parts of the Hadjret El Gat section (Fig. 6A—C). These cm-

sized, convex structures disturb the horizontally-laminated
sandstones.

Interpretation. Water-escape structures are formed when
the pore-fluid pressure in the sediment exceeds its threshold
value due to the sedimentary overload (cf. Lowe, 1975; Allen,
1982) or to progressive seismic processes (cf. Dasgupta and
Chatterjee, 2019). As a consequence of these, large amounts
of fluid become released due to compaction of sediments and
contribute to water-escape structure development (Odonne et
al., 2011). The primary lamination of the deposits studied was
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Fig. 6. Deformation structures associated with liquefaction and fluidisation
phenomena in the Hadjret El Gat section

A-C — water-escape structures in (M4, M2); red arrows indicate the direction of fluid/sediment movement; D —
synsedimentary faults and their interpretation in (M4) (the lower one sketched); E — parallel-oriented syn-

sedimentary faults in (M4)

destroyed due to fluidization accompanied by upward injection
of sediments (Lowe, 1975; Hurst and Cartwright, 2007; Hurst et
al., 2011). The curved orientation of the water-escape struc-
tures resulted from path trajectories along fault and other
heterogeneities in the sediment (cf. Chiarella et al., 2016).

FAULTS

Description. Several, well-exposed normal faults are pres-
ent in the Hadjret El Gat section. Beds with faults are inter-
bedded with undeformed beds, forming a sandwich-like sedi-
mentary arrangement (Fig. 6D, E). The fault offsets range from
centimetres up to tens of centimetres. The faults recorded are
vertically- to subvertically-oriented (Fig. 6D) with straight
planes. They are inclined towards the SSE.

Interpretation. The faults observed developed within hori-
zontally-arranged beds and are interpreted as synsedimentary
(cf. Bhat et al., 2016), their development depending on the rhe-
ology of the sediments during faulting (cf. Mazumder et al.,
2016). Miyata (1990) associated synsedimentary faults with lo-
cal seismic activity. The instantaneous action of stress leads to
an increase in pore pressure and then to the formation of
semi-brittle types of SSDS (Vanneste et al., 1999; Singh and
Jain, 2007).

DISCUSSION

The study area belongs to the Tafna Basin, influenced by
the Algerian active continental margin. The latter is commonly
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regarded as a plate boundary between Africa and Eurasia, and
corresponds to a seismically-active convergent zone (Boukhe-
dimi et al., 2017). Furthermore, late Neogene (Miocene) sedi-
mentation in the Tafna Basin was dominated by both exten-
sional (Serravallian-Lower Tortonian) and compressional (up-
per Tortonian-Messinian) tectonics (Glangeaud, 1951; Dubour-
dieu, 1962; Andrieux, 1971) followed by volcanic activity during
the late Miocene (Megartsi, 1985). The continuation of seismic
activity in the Tafna Basin after the turbidite deposition is indi-
cated by the presence of faults and other morphological linea-
ments in the Hadjret El Gat area (the southern part of over-
turned strata on Mt. Djedir) (Benzina, 2014). Moreover, the
presence of seismites in the Quaternary terrace deposits was
previously noted in the Bieder, Ghazaouat and Terga areas
(Boukhedimi et al., 2017).

The SSDS recorded in the Hadjret El Gat section are inter-
preted as formed by seismic processes combined with pro-
cesses related to gravity and slope-control interactions. The
presence of different types of SSDS, including load structures,
ball-and-pillow structures, water-escape structures, synsedi-
mentary faults and slump structures (slump folds, broken beds,
overloading structures) may point to their synchronous devel-
opment (cf. Kundu et al., 2011). All these SSDS are preserved
in a spatially-extensive single stratigraphic interval. Internally-
deformed beds are sandwiched within and parallel to unde-
formed beds. Their vertical alternation indicates earthquakes
with associated aftershocks (cf. Owen, 1995) as the main trig-
ger mechanism. All these arguments points to the interpretation
of SSDS recorded in the Hadjret El Gat section as seismites
formed during earthquakes with a minimum magnitude of 4.5
(cf. Ambraseys, 1988; Marco and Agnon, 1995; Rodriguez-
-Pascua et al., 2000).

SSDS observed within the sandy turbidite deposits in the
Hadjret El Gat section were formed when the degree of lithi-
fication of the siliciclastic sediments was relatively low. Van
Loon (2009) stated that such deformation structures may de-
velop within unconsolidated sediments or sediments that are
not completely lithified. Plastic deformation of ball-and-pillow
structures and their inclination in the same direction as their
hosting layers suggest a semi-synchronous origin of ball-and-
pillow structures and sliding of the latter. The sliding process
seems to have been influenced by a set of parameters associ-
ated with pore-fluid pressure resulting from compaction of
fine-grained sediments (cf. Odonne et al., 2011). Develop-
ment of SSDS due to submarine sliding appears to have been
controlled by active displacement (cf. Odonne et al., 2011).
Gravity flow of slump sediments that move on a steep slope
evolves into turbidity currents in subaqueous settings (cf.
Shanmugam, 2016; Vandekerkhove et al., 2020). Several al-
ternations of broken sandy beds that bear overloading struc-

tures are evidence of the repeated rapid sliding of sediments
on a slope due to seismic activity; whereas large-scale slump
structures may reflect earthquakes of a larger magnitude (cf.
Bowman et al., 2004).

Earth tremors were responsible for initiation of slumping and
liquefaction at the Hadjret El Gat site. Shear stress and accu-
mulation of shear strain resulting from earthquakes caused a
breakdown of the grain framework and an increase in pore-wa-
ter pressure, which resulted in liquefaction and fluidization of
the sediments (e.g., Obermeier et al., 2005; Obermeier, 2009).
Mobilisation of grains in the liquefied sediments contributed to
the formation of SSDS such as load casts, pseudonodules,
ball-and-pillow structures, water-escape structures and syn-
sedimentary faults. The wide spectrum of SSDS recorded at the
study site is thought to have been developed as a result of 1)
shear stresses associated with overburden pressure on slopes,
and 2) liquefaction, both triggered by seismic shocks.

CONCLUSIONS

The SSDS recognized in the Hadjret El Gat section in the
Tafna Basin, active seismically since the late Miocene, evolved
during earthquakes. A sedimentological investigation led to the
following conclusions:

1. Co-occurrence of different types of SSDS in vertically-al-
ternating, sandwich-like beds in the Hadjret El Gat section indi-
cates their interpretation as seismites.

2. Ball-and-pillow structures, water-escape structures and
load structures ‘trapped’ within the sandstone result from lique-
faction and fluidisation phenomena caused by earthquakes and
aftershocks.

3. Vertically-alternating slump folds accompanied by broken
beds and overloading structures within the sandstone beds are
associated with instability of sediments on a slope, which was
probably caused by multiple earthquakes and aftershocks.

4. The inclination of the ball-and-pillow structures and the
hosting layers in the same direction indicate synchronicity
(semi-synchronicity) of the deformation processes. The ball-
and-pillow structures underwent plastic deformation due to
mass flow processes.

5. The seismites in the Hadjret EI Gat section may have de-
veloped in the Late Neogene or shortly after late Neogene seis-
mic activity.
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