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Abstract

The Kirkgecit Formation (middle Eocene-Oligocene) is exposed in an approximately E-W direction around the city of Elazig,
eastern Turkey. This unit represents marly and sandy deep-marine sediments deposited in a slope setting with channels and
contain soft-sediment deformation structures (SSDSs). These SSDSs include slump folds, chaotic strata, load casts, flame
structures, convolute laminations, clastic dykes, water-escape structures and syn-sedimentary faults. The main underlying de-
formation processes are liquefaction, fluidization and gravity-induced loading. Some of the SSDS could be interpreted as
seismites, which originated due to earthquakes that also triggered high-density mass flows. This interpretation is consistent with
the active tectonics in the Elazig back-arc basin. The SSDS in the study area are compared with SSDS in other regions, as well as
with SSDS in other marine deposits. In this way, findings obtained from the study area are compared with SSDS at different
locations in the marine Kirkgegit Formation around Elazig and with similar structures developed in marine settings worldwide,
such as SE Crete and NW Africa.
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Introduction

The shallow- and deep-marine facies of the Kirkgecit
Formation in the Eastern Anatolia region (around Malatya,
Elazig and Van) are observed near Elazig (Figs. 1 and 2).
Three stages have been developed in Elazig Basin since the
end of late Cretaceous due to plate movements. Firstly, the
Elazig Basin developed at the end of the Late Cretaceous
and was affected by the compressive tectonic regime in the
region (Fig. 2). Permo-Triassic Keban metamorphic rocks and
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Upper Cretaceous Elazi§ magmatic rocks form the basement
of the basin. From the end of the Late Cretaceous to the
Palaeocene, the Upper Taurus magmatic arc was overlain by
older metamorphic rocks following the closure of the Inner
Tauride Ocean (Bing6l 1984; Hempton 1985; Yazgan and
Chessex 1991; Turan et al. 1995; Aksoy et al. 2005).
Continental areas developed due to regional uplift (Pertek
thrust fault). In this tectonically controlled basin, clastic allu-
vial fan and evaporitic playa sediments (Kusgular Formation)
were deposited. Secondly, marine sediments transgressively
overlay the alluvial fan deposits in the late Palacocene and
early Eocene (Seske Formation) in the extensional regime.
During this period, the sea advanced northward in the basin
affected by block faulting in an extensional back-arc environ-
ment (Fig. 2). In the middle-late Eocene, the sea was at its
maximum width (Kirkgecit Formation in the Elazig area). In
the Oligocene-Miocene, the sea retracted towards the N-NW
and the southern area gradually became shallower (Aksoy
et al. 2005). It is accepted by various researchers that the
Kirkgecit Basin developed as a back-arc basin on the conti-
nental crust in the middle Eocene and that the base was con-
trolled by block faulting (Turan et al. 1995). In the study area,
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Fig. 1 a Simplified structural map of Turkey and location of the study area (red rectangle). b Geological map of the Elazig Basin (East Anatolia)
(modified from Turan 1993)

large-sized olistolith blocks derived from the marbles of the
Keban metamorphic rocks have been identified at the lower-
most part of the Kirkgecit Formation, indicating also a strong

tectonic control (Fig. 3). Thirdly, regional uplift following the
closure of the Neo-Tethys and regional continent-continent
collision in the middle Miocene indicate the beginning of
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the neotectonic stage (Sengor 1980; Sengdr and Yilmaz 1983;
Dewey et al. 1986; Hempton 1987). As a result of north-south
directional compression, folds and thrust faults were formed in
the Palacogene units.

Soft-sediment deformation structures are records of sedi-
mentary and tectonic processes in many sedimentary environ-
ments (Mazumder et al. 2016; Neuwerth et al. 2006; Spalluto
et al. 2007; Basilone et al. 2014; Rossetti et al. 2017; Brogi
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Fig.3 Detailed geological map of the study area and points of stratigraphic measured sections and SSDS (modified from Turan 1984 and Cronin et al. 2005)
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etal. 2018; Alves 2015). These structures form during/shortly
after sedimentation and before the consolidation of sediments
is complete. For example, they have been reported in conti-
nental environments (Hempton and Dewey 1983; Karlin and
Abella 1992; Scott and Price 1988; Alfaro et al. 1997; Jones
and Omoto 2000; Rodriguez-Pascua et al. 2000; Neuwerth
et al. 2006; Kog¢-Tasgin and Tiirkmen 2009; Koc¢-Tasgin
2011; Kog-Tasgin et al. 2011; Kog-Tasgin and Diniz-Akarca
2018; Kog¢-Tasgin et al. 2018), transitional settings
(Bhattacharya and Bandyopadhyay 1998; Gibert et al. 2005;
Owen and Moretti 2008; Bhattacharya and Bhattacharya
2010) and marine successions (Johnson 1977; Molina et al.
1998; Rossetti 1999; Rossetti et al. 2000; Rossetti and Goes
2000; Moretti et al. 2001; Greb and Archer 2007; Alves and
Lourenco 2010; Kangi et al. 2010; Mastrogiacomo et al. 2012;
Chen and Lee 2013; Yamamoto 2014; Alves 2015; Ortner and
Kilian 2016; Altun 2018).

The soft-sediment deformation structures in the Kirkgegit
Formation in Elazig basin studied in the present work (Figs. 2
and 3) were developed in deep-marine sediments. Various
deformation structures and facies occurring due to different
triggering mechanisms have been defined in deep-sea sedi-
ments (Alves et al. 2007; Alves and Lourenco 2010;
Yamamoto 2014; Basilone et al. 2014; Alves 2015; Gamboa
and Alves 2015; Ge and Zhong 2017; Alves and Cupkovic
2018; Gladstone et al. 2018). Oliveira et al. (2009) and
Yamamoto (2014) recognized aseismically induced asymmet-
rical soft-sediment deformation structures of submarine slope
and trench slope deposits caused by liquefaction triggered by
slope instability. Alves et al. (2007) and Alves and Lourengo
(2010) emphasized the deformation styles of late Miocene
submarine failures in SE Crete, eastern Mediterranean.
Basilone et al. (2014) associated the formation of soft-
sediment deformation occurring in deep-water carbonate suc-
cessions with repeated events related to the late rifting pro-
cesses of the African continental margin. Alves (2015)
reviewed the significance of submarine slide blocks and asso-
ciated soft-sediment deformation structures in deep-water
stratigraphic successions (to Cenozoic from Precambrian)
throughout the world, from eastern Canada to the South
Atlantic, Australia and the Gulf of Mexico. Ge and Zhong
(2017) defined soft-sediment deformation structures in early
Cretaceous aged outer fan deposits consisting of debrite,
turbidite and deformed sediments, linked to seismic activity
associated with active tectonism and volcanism and Early
Cretaceous anoxic events. Alves and Cupkovic (2018) stated
that the mass transport of sediments was ubiquitous on tecton-
ically active slopes with coarse-grained sediments to
heterolithic mass-transport deposits and silty-sandy turbidites.

Soft-sediment deformation structures in the middle
Eocene-Oligocene marine sediments (Kirkgegit Formation)
have not been studied in detail until now in the Elazig area
studied here (eastern Turkey; Fig. 2). Ko¢-Tasgin and Altun
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(2019) described slump sheets extending for 5 km within
near-shelf calcarenite-carbonate mudstone alternations in the
same unit north of this study area (6 km outside of the map
area in Fig. 3). They concluded that these structures are seis-
mically induced slumps according to some criteria, such as
lateral continuity and tectonic setting.

The sedimentological study of Kirkgecit Formation pre-
sented here aims to (i) identify the type of soft-sediment de-
formation structures and their deformation mechanisms, (ii)
document the depositional conditions of the deep-water slope
deposits, (iii) discuss different triggering mechanisms that
may form these structures, and (iv) demonstrate the active
tectonic control of sedimentation in the Elazig Basin and its
seismicity. Consequently, all these findings are compared with
similar structures in different deep-water slope deposits ob-
tained from previous studies (e.g. Alves et al. 2007; Oliveira
et al. 2009; Alves and Lourengo 2010; Basilone et al. 2014;
Yamamoto 2014; Alves 2015; Gamboa and Alves 2015; Ge
and Zhong 2017; Alves and Cupkovic 2018; Gladstone et al.
2018).

Geological setting

The Elazig Basin is one of the basins developed during the
closing of the southern branch of the Neo-Tethys in the
Paleogene. The basin, stretching in the NE-SW direction, is
located in the Eastern Taurus (Figs. 1 and 2). The Kirkgecit
Formation represents a transgressive unit covering older rocks
and crops out from 25 km west of Elazig (Baskil) to 60 km
east (Kovancilar) in a wide area (Fig. 1).

The stratigraphic, sedimentological and tectonic features of
the unit are discussed in several previous studies (Peringek
1979; Bingol 1984; Turan 1984; Ozkul 1988; Turan et al.
1995; Ozkul and Kerey 1996; Tirkmen et al. 2001;
Turkmen and Erturk 2002; Cronin et al. 2005). The deep-
water and shelf sediments of the Kirkgegit Formation were
deposited during rapid basin subsidence in the back-arc envi-
ronment blocked by normal faults. The formation is charac-
terized by shelf facies (calcarenite) in the north (Tiirkmen and
Esen 1997) and slope and basin plain facies in the south in the
Elazig region (Ozkul and Kerey 1996).

The Keban metamorphic rocks (Permo-Triassic) and
Elaz1g magmatic rocks (Late Cretaceous) constitute the base-
ment of the study area (Figs. 3, 4 and 5a). They are overlain by
the early Palacocene terrestrial Kuscular Formation, late
Palacocene-carly Eocene marine Seske Formation, middle
Eocene-Oligocene Kirkgecit Formation and Plio-Quaternary
Palu Formation (Figs. 3 and 4). The Kuscular Formation is a
unit consisting of alluvial fan deposits in front of a major
thrust fault (Pertek thrust fault) (Fig. 5b). The intraformational
unconformity developed in the distal part of alluvial fan de-
posits, and the soft-sediment deformation structures were
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formed due to the tectonic deformation and seismic activity
occurring here (Kog-Taggin 2017) (Fig. 5c). The Seske
Formation, which is the first product of the Paleogene trans-
gression, unconformably overlies the early Palacocene con-
glomerates (Fig. 5d). The unit, which starts with sandy lime-
stones at the bottom, passes into limestones towards the top,
and the thickness varies from place to place. This stratigraphic
position indicates that the extent of the Neo-Tethys was con-
trolled by the tectonic and topographic features of the region
in the Eocene. In addition, some parts of this region were
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Fig. 4 Generalized stratigraphic section of the study area (modified from
Turan 1984)

under subaerial conditions in the late Palacocene and early
Eocene (Tiirkmen et al. 2001). The Palu Formation (Plio-
Quaternary) is the youngest unit of the study area and consists
of immature and grain-supported conglomerate with a mud
matrix.

The Kirkgegit Formation overlies conformably the Seske
Formation and is divided into three members in the study area
(Marik, Seherdagi and Bozaltt members from base to top;
Figs. 3 and 4). The Marik member is not observed along the
whole base of the unit and is composed of conglomerates with
variegated colours and medium-thick stratification (Fig. Se).
The main sources of the gravels of these conglomerates are the
Keban metamorphic rocks and Elazig magmatites, and there
are also some limestone pebbles belonging to the Harami
Formation. As a result of the investigations carried out in this
unit, no soft-sediment deformation structures were observed.
The Seherdagi member (Fig. 5f) reflects slope environments
dominated by mud and includes complex channel facies that
become shallower to the north. The soft-sediment deformation
structures described in this study are specific to this member.
The slope deposits are covered by the Bozaltt member
consisting of the prograding shelf sands (calcarenites) (Figs.
3 and 4). These sands are correlated with middle Eocene
(Bartonian) thick-bedded massive limestones north of the
study area (Tirkmen and Ertiirk 2002; Kog¢-Tasgin and
Altun 2019). Sedimentological and petrographic studies con-
ducted in thick limestones have revealed that the unit was
deposited on a carbonate shelf.

Properties of facies containing soft-sediment
deformation structures

Six facies belonging to the Seherdagi Member of the Kirkgegit
Formation have been defined in the study area (Figs. 6 and 7).
Its vertical distribution in three selected sections is included in
Fig. 7

Facies 1: sand matrix-supported conglomerates

Description: The facies is represented by massive, sand
matrix-supported conglomerates with lenticular geometry
and erosional bases (Fig. 6a, b). This facies passes to massive
sandstone facies and stratified sandstone facies both laterally
and vertically (Fig. 6b). These changes usually show sharp
contacts. The maximum thickness measured in the sections
is 13 m (section 3 in Fig. 7). The maximum grain size is 30
cm, with an average of 7-8 cm. The gravels are mostly well
rounded with very few corners and consist of mainly magmat-
ic and smaller amounts of metamorphic rock fragments. The
matrix is composed of sand and fine gravel. Palaco-flow di-
rections taken from the clast imbrication observed in the con-
glomerates are towards 200—223°.
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Interpretation: The conglomerates with erosional-based,
matrix-supported lenticular geometry represent deeply cut
channels (Ge and Zhong 2017; Alves and Cupkovic¢ 2018).
In high-density turbulent flows, the conglomerates are
interpreted as laminar cohesive debris flows or deposits from
suspension (Lowe 1982).

Facies 2: mud matrix-supported conglomerates

Description: The thickness of this facies, which related later-
ally and vertically with marl facies, is approximately 2 m (Fig.
6¢). The pebbles are dispersed in the marl, and the maximum
gravel length is up to 10 cm. At some levels, the mud propor-
tion is considerably higher than the gravel rate. Slump folds
have been observed also in this facies.

Interpretation: Some pebbly muds may occur as a result of
the gravel and slurry falling down the steep slopes into
the mud (Lowe 1982; Marjanac 1985; Alves and

Fig. 5 Outcrop photographs of
lithostratigraphic units from the
study area in the Elazig Basin. a
Keban metamorphic rocks
composed of marble. b Kusgular
Formation, red-coloured con-
glomerate on a proximal fan. ¢
Distal fan deposits of the
Kusgular Formation containing
soft-sediment deformation struc-
tures related to a syn-tectonic
intraformational unconformity
(Kog-Tasgm 2017). d Seske
Formation represented by lime-
stone overlying the Kusgular
Formation. e Marik member. f
Seherdagi member showing marl
intercalated with sandstone

Horizontal-beds

Distal beds

s

Anticline Syndline

Lourengco 2010; Alves 2015). Debris sediments could
be rich in mud and sand or be a mixture of both.
Debris flows have the ability to transport gravel and
coarse sands (due to their strength), and such deposits
are defined as debrite (Shanmugam 2016). The gravelly
marl deposits described here are debrites.

Facies 3: massive sandstones

Description: Massive sandstones with an average thickness of
1.5-2 m are generally associated with matrix-supported con-
glomerates. They extend laterally and contain gravel levels.
No structures are observed in this facies.

Interpretation: Sand flow or other grain flow processes on
steep slopes may settle massive sands. Such units can occur as
a result of rapid sedimentation from high-concentration turbi-
dite currents (Middleton 1969; Aalto 1976; Lowe 1976;
Hiscott and Middleton 1979; Lowe 1982).

Seherda@i M.
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Facies 4: stratified sandstones

Description: Theses sandstones are thin- to medium-bedded
(10—40-cm-thick beds) and have fine to medium grain size.
They usually have lateral continuity, but some stratified sand-
stones observed on top of the conglomerate channel facies
have lenticular geometry (Fig. 6a, b). This facies has no sed-
imentary structures and is observed alternating with marls in
places.

Interpretation: This facies probably formed by the precip-
itation of finer drift springs developing successively in the
base of high-density turbidite currents (Mutti and Ricci
Lucchi 1975; Pickering et al. 1986).

Facies 5: normally graded sandstones

Description: This facies is formed by fine- to medium-grained
and thin-bedded sandstones (bed thickness of 15-35 cm)

Fig. 6 Outcrop photographs of a
the sedimentary facies of the
Kirkgecit Formation in the study
area. a Sand matrix-supported
conglomerate and stratified sand-
stones (channel deposits). b
Massive conglomerate, massive
sandstone and stratified sand-
stones (lenticular geometry chan-
nel deposits). ¢ Mud matrix-
supported conglomerates. d Flute
marks observed at the base of
sandstone. e Normally graded
sandstone. f Channel deposits that
show lenticular geometry

w

Stratified sandstone

and is only locally present (Fig. 6d). Parallel lamination
and normal grading can be recognized at some levels
and base structures (flute marks and load casts) are
rarely present (Fig. 6e).

Interpretation: This facies occurs as a result of rapid depo-
sition and rapid burial of particles in suspension in high-
density turbidite flows (Hubert et al. 1970; Stanley et al.
1978; Watson 1981; Hein 1982) and can form part A of the
Bouma sequence.

Facies 6: marls

Description: The thickness of the marl facies varies be-
tween 10 and 50 m. This facies includes fine-grain,
thin-bedded sandstone (Facies 4) intercalations (sand-
stone/marl ratio is 1/10). The marls have parallel lami-
nation and contain planktonic foraminifera (Globigerina
sp. and Globorotalia sp.).

Massive sandstone

Matrix supporteq
Matrix.supported conglomerate

conglomerate
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Interpretation: Laminated mudstones represent pelagic-
hemipelagic deposition from suspension settling in an open-
marine setting, from high turbidity currents and/or by deep
ocean currents or shear processes. This precipitation may be
associated with relatively rapid deposition (Cremer and Stow
1986; Stow et al. 1986).
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Soft-sediment deformation structures

Multiple soft-sediment deformation structures are observed in
the Seherdagi Member of the Kirkgecit Formation. These
structures are slump folds, chaotic strata, load casts, flame
structures, convolute laminations, clastic dykes, water-
escape structures and syn-sedimentary faults.
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Slump folds

Description: Slumps with different morphologies are
commonly observed in sandstone-marl alternations,
mud matrix-supported conglomerates and marls (Figs.
7 and 8). These structures are generally at metre scale
(2—-15 m). Occasionally, they are horizontal and some-
times irregular folds. Deformed beds with slumps are
overlain and underlain by undeformed beds. The move-
ment direction from the slump sheets varies between
200° and 250°. The dip of the axial plane of the folds
normally shows the direction of the ‘source’ of the
slump sheet. Small-scale faults are observed in the core
part of the slumps.

Interpretation: These structures are associated with the
downslope movement of unlithified sediments under the in-
fluence of gravity. When the stratified sediments steepen, they
slip due to the increase past the angle of stability (Mills 1983;

Fig. 8 Slumps. a Large-scale
slump sheets involving interbed-
ded sandstone and marl (section 1
in Fig. 7). b—d Relatively small-
scale slump sheets observed on
interbedded sandstone and marl. e
Slump folds observed within the
marl facies. f Small-scale slump
folds observed in mud matrix-
supported conglomerates

Alves and Lourengo 2010; Alsop and Marco 2011; Alves
2015). In the delta environments, the presence of low-
permeability silt and clays supporting high porewater pressure
facilitates the formation of slump movement (Morgenstern
1967). In the deep-marine sediments studied here, this effect
was probably due to the marl facies that are intercalated with
the sandstones.

Chaotic strata

Description: Chaotic strata have a thickness of approximately
20, are composed of densely folded, disturbed, fragmented
layers and exhibit rather mixed morphologies (Fig. 9a, b). In
curved structures, fold axial planes are observed in horizontal,
vertical and oblique positions and are confined to deformed
layers.

Interpretation: Fractured and disturbed beds characterize
less consolidated and less water-saturated sediments, while

@ Springer
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folds tend to develop in lithologies more susceptible to ductile
deformation. In unconsolidated sediments, large-scale
slump masses may be derived from the shelf edge or
upper slope. This interpretation shows that the gravity
effect is important in the formation of these structures
in the study area.

Load casts

Description: Load casts are common in the deep-marine de-
posits of the Kirkgecit Formation. They are developed in sev-
eral facies: sandstone-marl, alternations, coarse-grained
sandstone-fine-grained sandstone alternations and medium-
grained sandstone-fine-grained sandstone alternations. (Figs.
9c—f and 10). Deformed beds with load casts are overlain and
underlain by undeformed beds. These structures have conti-
nuity in the lateral direction (approximately 10 m). They

Fig. 9 a, b Chaotic strata. c—f
Load casts and flame structures at
the interface between fine
sandstone and coarse sandstone

e

chaotic beds

represent both simple and pendulous load-cast varieties.
Simple load casts with half-spherical forms are one of
the commonly observed structures. Pendulous load casts
occur in fine-grained sandstones underlying coarse-
grained sandstones that are interconnected (Fig. 10f).
Their dimensions vary from 3 to 15 cm, and their ge-
ometry varies from symmetric, asymmetric to irregular.
They can show internal lamination. The load casts are
generally associated with flame structures.
Interpretation: The base of beds becomes deformed due to
gravity-related stability, the density difference between the
layers and as a result of liquefaction (Anketell et al. 1970;
Owen 1987; Moretti et al. 1999). The bottom part of the upper
layer tends to sink into the underlying bed in the form of
rounded levels, and load casts are formed. The morphological
features of the load casts depend on the dynamic viscosity
ratio of the liquefied sediment layers (Mills 1983; Alfaro

g
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et al. 1997) and the duration of the liquefaction phase (Owen
2003; Alves 2015).

Flame structures

Description: Flame structures are usually observed with load
casts (Fig. 10), and their sizes vary from 3 cm to 1 m. They are
one of the structures widely observed in the study area. Flame
structures have both large-scale and small-scale varieties.
Large-scale flame structures affect areas of 1-2 m in the lateral
and vertical directions. They present regular, cusp and dome
morphologies.

Interpretation: The upward movement of sediment in re-
sponse to density instabilities involves either hydroplastic or
liquefied flow. The dynamic viscosity of the underlying marls
is lower than that of the overlying sands (Anketell et al. 1970),
and consequently, the diapiric intrusion of fine-grained sedi-
ments forms flame structures (Mills 1983).

Fig. 10 a—e Load casts and flame
structures at the sandstone and
marl interface. f Interconnected
pendulous load casts that occur in
fine-grained sandstones underly-
ing coarse-grained sandstones

Convolute lamination

Description: Convolute laminae consist of curved and de-
formed laminae (Fig. 11a—e) with laterally alternating convex
and concave morphologies, limited at top and bottom by un-
deformed layers. The widths of the convex laminae are be-
tween 5 and 20 cm, and the heights are between 10 and 20 cm.
Their lateral continuity reaches tens of metres. Different mor-
phological types of convolute laminations are defined, such as
overturned folds, mushroom-shaped folds and diapir folds.
They generally affect stratified, fine- to medium-grained sands
(Fac. 4). Convolute laminations are generally observed in a
thin single layer, sometimes at the upper level of a thick layer
and are rarely observed with the B and AB sections of the
Bouma sequence.

Interpretation: Convolute lamination develops when sedi-
ment masses are exposed to hydroplastic deformation. They
are formed by liquefaction rather than fluidization of water
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(Lowe 1975). Similar features have been described in the lit-
erature (e.g., Kuenen 1953; Anketell et al. 1970; Visher and
Cunningham 1981; Hempton and Dewey 1983; Mills 1983).
The progressive growth of convolute folds depends on the
continuity of sedimentation and the movement of water
(Lowe 1975).

Clastic dykes

Description: Clastic dykes are present in the marl facies and
are observed in a few locations in the study area (Fig.
11f). The size of the dykes is up to 50 cm, and the
thicknesses are 3—4 cm. These dykes are observed at
the lower level of the facies with lenticular geometry
composed of sandstones.

Interpretation: Such structures develop as a result of intru-
sion into associated facies of liquefied and fluidized uncon-
solidated, cohesionless material (Lowe 1975). Sandstone

Fig. 11 a—e Convolute
laminations observed on fine
grained sandstone. f Sand dyke
developed in marl facies

@ Springer

dykes in this study may occur under aseismic conditions as a
result of the deposition of dense sand flows in pelagic envi-
ronments (e.g. Beaudoin and Fri¢s 1982; Beaudoin et al.
1983). This flow involves the intrusion of material into sur-
rounding beds. These structures are described as rupture struc-
tures (e.g. Davies 1965).

Water-esca pe structures

Description: Water-escape structures are local and consist of
disrupted laminations (Fig. 12a) observed in the upper levels
of'the stratified sandstone layers (Fac. 4). There are also levels
in which syn-sedimentary faults are observed (Fig. 12b).

Interpretation: These structures are similar to the internal
cusps described by Owen (1995). The formation of such struc-
tures is related to the upward movement of water and vertical
shear stress (Owen 1987). They represent local zones where
the water moves.
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Syn-sedimentary faults

Description: These faults are generally observed as high-angle
normal syn-sedimentary faults. The offset of normal faults
ranges from 2 to 50 cm (Fig. 12b—f). Syn-sedimentary faults
affect sandstone and marl facies. In some locations, the faults
consist of a series of faults with small offsets in a single layer
(Fig. 12b). Faults affecting mostly several layers are observed
at several levels.

Interpretation: When the porewater pressure increases in
soft sediments, brittle deformation occurs if this pressure is not
strong enough to liquefy the sediment (Owen 1987; Vanneste
et al. 1999). Brittle deformation is related to the cohesive
behaviour of rocks. More consolidated and less water-
saturated sediments exhibit brittle behaviour (e.g., Rossetti
1999; Rossetti and Goes 2000).

Discussion
Palaeoenvironmental interpretation of the study area

A classic submarine fan system was not developed in the
study area, and a turbidite sequence with the aforementioned
characteristics, for example all parts or part of the bouma
sequence, rarely occurred; this type of turbidite is precipitated
by low-density currents. Although these currents are observed
in the middle and distal parts of the basin, such currents can
occur in any part of the system (shelf edge, slope and basin)
(e.g. Mulder and Alexander 2001). Kneller and Branney
(1995) used the term ‘sustained high-density currents’ to ex-
plain the deposition of thick massive beds. Lowe (1982) con-
sidered the coarse-grained beds to have a distinctly different
character from Bouma sequences and attributed them to ‘high-
density turbidity currents’. The massive and stratified sand-
stones identified in this study may indicate the presence of
high-density turbidite flows. Channel deposits consisting of
sand matrix-supported conglomerates, massive and stratified
sandstones with different sizes and lithologies developed.
Similar features to the facies defined in the study area has been
recognized in SE Crete (Alves and Lourenco 2010; Alves and
Cupkovi¢ 2018), which is an example of extensional basins at
an active continental margin. According to Alves and
Lourenco (2010) and Alves and Cupkovig¢ (2018), the excess
of coarse-grained sediments in deep-water systems implies
that the sea floor is unstable and represents environments
where the slope of the layers increases with tectonic effects.
In the study case, the movement directions of slump folds
and the imbrication of conglomerates demonstrate that the
palaeo-slope direction of the Kirkgecit Basin was south-south-
west. The presence of slump sheets and sediments deposited
from high-density turbidite flows and high mud ratios reflect a
marl-rich slope environment. These slope deposits are covered

by the prograding shelf sands (calcarenites) of the Bozalti
member (Figs. 3 and 4).

Deformation trigger mechanisms

The studied successions were deposited in deep marine basins
located in tectonically active back-arc settings. Soft-sediment
deformation structures observed in deep-sea environments
have various triggering mechanisms. The different triggering
mechanisms controlling the generation of the studied soft-
sediment deformation structures are considered and discussed
below.

Deformation due to rapid sedimentation
and overloading

Although the slow accumulation of sediment results in stable
sedimentation, naturally occurring traps within the sediment
accelerate sedimentation locally and cause less stable sedi-
ments (Moore 1961). More likely, thicker layers are associated
with higher sedimentation rates. Slump folds described in this
study are generally observed in areas where thin-bedded sand-
stones and marls are intercalated.

The absence of convolute laminations in very thick layers
can eliminate the triggering mechanism due to rapid sedimen-
tation in their formation.

Liquefaction mechanisms can be triggered by a variety of
factors, including seismic tremors, storm waves or periodic
pressure changes associated with wave breaks and rapid sed-
imentation. Many types of soft-sediment deformation struc-
tures, including load structures, convolute laminations and
water-escape structures, are widely observed in turbidite
deposits (Lowe 1975; Allen and Banks 1972;
Stromberg and Bluck 1998; Moretti et al. 2001;
Tinterri et al. 2016). Most of these structures occur in
association with the liquefaction and fluidization of
water-saturated sediment (Allen 1977), which are asso-
ciated with high sedimentation rates, after exceeding
the lower limit of stability of the sediment due to rap-
idly increased thickness (Moretti et al. 2001). Load
casts (simple, pendulous and asymmetric) with various
characteristics can occur depending on the loading
event resulting from rapid sedimentation in relation to
liquefaction and local fluidization (Anketell et al. 1969;
Moretti et al. 2001).

Sand flows filling open cracks in the seabed or sand
injected into unconsolidated marl sediments occur by
overloading the sediment (Montenat et al. 2007). Occasional
vertical cracks may develop on semi-compacted sedimentary
surfaces. These cracks are filled with subsequent sand flows.
The dykes identified in this study may have been formed in
this way.

@ Springer



773 Page 14 of 20

Arab J Geosci (2019) 12: 773

Deformation due to slopes

One of the most likely causes of slump movement in an
uncompressed sediment mass is an increase in the slope
inclination. The increase in this angle may occur due to
deposition and tectonic movements or as a result of
erosion from the bottom due to turbidite currents
(Morgenstern 1967).

Although steep slopes are necessary for the formation of
slump folds, such folds may also occur on gentle slopes as low
as 1° (Dill 1964; Mills 1983). Factors affecting the formation
of slump structures on gentle slopes are sediment type, sedi-
mentation rate and water depth. Morgenstern (1967) described
slump structures on the slopes of a prodelta with a slope of 4°.
Previous researchers stated that sediments exposed to slump
movements on slopes reacted to three main triggering mech-
anisms: (1) high sedimentation rate or sediment loading, (2)
the presence of steep slopes or (3) seismic trigger mechanisms

Fig. 12 a Water-escape structure.
b Syn-sedimentary faults ob-
served in fine-grained sandstone
and associated

water-escape structures

(c : cusps).

c-f Syn-sedimentary faults asso-
ciated with sandstones and marls
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(Naylor 1981). The stability of sediments deposited on a slope
depends on the shear stress of the sediments, the rate of burial
and the rate of increase of this stress. These factors are con-
trolled by, for example, grain size distribution, homogeneity,
sediment accumulation rate, degree of consolidation and
porewater pressure (Moore 1961). However, the magnitude
of the shear stress increases with the slope angle and with
the density and thickness of the overlying sediment on the
continental slopes (Lewis 1971; Garcia-Tortosa et al. 2011).
The sediment masses in a basin slope setting are frequently
unstable, and the downward movement is initiated by tectonic
and seismic movements (e.g. Yang and van Loon 2016; Alves
and Lourenco 2010; Alves 2015). As a result, slides and
slumps can be related to steep slopes with or without earth-
quakes. However, the presence of a slope with a high gradient
alone is not sufficient for developing slump sheets. No asym-
metry in the forms of flame structures and convolute lamina-
tions in the study area (e.g. Oliveira et al. 2009; Gladstone
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et al. 2018) demonstrate a lack of slope effect and downslope
shear for the formation of these structures.

Deformation due to turbidity currents

Turbidity currents are often associated with slump structures.
The facies are usually carried from shallow to deep; that is, the
sediment load on the slope is activated by gravity (King 1994;
Collinson et al. 2006). Slides and slumps developed in lique-
fied sediments can occur on a slope of up to 3° (Bridge and
Demicco 2008). Slumps and curved laminae are formed in the
sediments where slope reduction causes deceleration. The
presence of the slope described in the study area may indicate
that small-scale slump sheets developed as a result of turbidity
currents. However, very large-scale slump masses (Fig. 6a)
cannot be associated with such currents.

Convolute laminations are observed both in marine envi-
ronments (Tinterri et al. 2016; Gladstone et al. 2018) and in
terrestrial environments (Kog¢-Taggin and Tiirkmen 2009). It is
stated that the formation of convolute laminations in turbidite
deposits is related to flows of density/turbidity currents (e.g.
Lowe 1982; Pickering et al. 1986). The full series of the
Bouma sequence, which characterizes low-density turbidites,
is rarely observed in the study area. Such structures are not
formed by the presence of high-density currents. The charac-
teristics of convolute bedding within the Moroccan turbidite
system, offshore north-western Africa, have been compared
with the characteristics of ‘convolute bedding’ in the
Aberystwyth Grits as defined by Kuenen (1953), by
Gladstone et al. (2018). In convolute laminations (e.g. the
Aberystwyth Grits) defined in turbidite sequences, the silt
and mud ratio increases towards the upper part of the convo-
lution layer and has a dark colour upward. However, such a
colour and grain size change are not observed in convolute
laminations defined in the study area. In addition, ripple cross-
laminated sands formed in the lower levels of the convolute
laminae by turbidity currents (Kuenen 1953; McClelland et al.
2011; Gladstone et al. 2018) are not observed in the samples in
this study. Structures with an optimal thickness of 2—-10 cm
occur in turbidite deposits developed between the Bouma B
and D divisions. In the study area, the thickness of the convo-
lute laminations is generally more than 10 cm and is not ob-
served with A and D, the sections of the Bouma sequence.

However, it should be noted that the mechanism leading to
the formation of turbidity currents is often but not always
associated with seismic activity and tsunami movements
(e.g. Schnellmann et al. 2002; Arai et al. 2013).

Deformation due to tsunamis
Tsunami deposits have been reported in various geological

environments, ranging from shallow sea (Atwater and
Moore 1992; Papadopoulos et al. 1994; Bondevik et al.

1997; Meshram et al. 2011) to deep sea (Kastens and Cita
1981). However, many deformation structures (load casts,
flame structures, clastic dykes and homogenites) have been
identified as a result of tsunamis (Cita and Aloisi 2000;
Shiki and Cita 2008). The liquefaction developed in sandy
material by tsunamis can result in the formation of complex
convolutions and load structures (Obermeier 1996; Obermeier
and Pond 1999). Consequently, tsunamis can have significant
depositional and erosional impacts on coastal sedimentation
(Dawson et al. 1991; Dawson 1994; Dawson and Shi 2000;
Smith et al. 2007) rather than deep-sea deposition. It should
also be noted that tsunami movements have a seismic trigger
mechanism.

Deformation due to tectonism and seismic activity

The development of debris flows and slump folds observed
along estuary benches in the estuary deposits associated with
fluvial sediments are associated with seismic activity (Rossetti
and Santos 2003). On the Calabrian ridge (southern Italy),
Kastens (1984) stated that the mechanism causing the forma-
tion of sediment flow and turbidity deposits is seismic activity
and mentioned that the sediment transport process in the basin
slopes first starts with a rotational slump movement and then
continues in the form of debris flows and intense currents. The
olistolithic blocks indicate that the mechanism that initiated the
deformation was related to tectonic and seismic movements. In
particular, the basin shows faulting features at the base that
facilitate the formation and settlement of olistoliths (Fig.
13a, b). The blocks are often associated with unstable slope
events triggered by major tectonic phases. Most of these major
tectonic phases are associated with significant uplift and expo-
sure of the upper crust and subsequent erosion (Dunlap et al.
2013; Alves 2015). Alves and Cupkovig (2018) defined slump
structures developing as a result of the increase in the slopes of
the strata due to the active normal faulting in SE Crete, an
extensional basin on the continent. The SE Crete extensional
basin is similar to the Elazig Basin which has tectonic condi-
tions in a back-arc basin at the active continental edge (Fig. 2).

Faulting at the basin base is one of the possible reasons for
the formation of slump sheets (e.g. Kuenen 1967; Corbett
1973; Debacker et al. 2001). Seismic activity accompanying
these faults can be the triggering mechanism that initiates the
sliding motion (e.g. Corbett 1973; Kastens 1984). However,
tectonics can induce tilting without seismic shocks. Slump
folds are one of the many structures that can occur in uncon-
solidated sediments under the influence of seismic activity. In
the northern part of the study area (Hacitemur area) (Kog-
Tasgin 2018; Kog-Taggin and Altun 2019) and in different lo-
cations of the same unit in the Elazig Basin, the presence of
seismically induced slumps (Fig. 13c) and soft-sediment defor-
mation structures (Neptunian dykes) (Koc-Tasgin 2018) have
been related to extensional movements. Different lithologies
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may display diverse mechanical behaviours; for example, fold-
ing develops in lithologies that are more susceptible to plastic
deformation, while thrusts may form in lithologies that are
more prone to brittle styles of deformation (Alsop and Marco
2011). The syn-sedimentary faults that change their main offset
rate upwards and that disappear in the upward and downward
directions are related to seismic shocks and are of syn-
sedimentary origin (Seilacher 1969, 1984). The development
of such syn-sedimentary faults is associated with localized
stress conditions within the layers induced by seismicity.

Many examples of chaotic deposits have been described in
current and old deep-water settings (Doyle and Pilkey 1979;
Watkins et al. 1979; Saxov and Nieuwenhuis 1982; Pickering
et al. 1986). Such structures are sliding and slumping sedi-
ments that exceed slip resistance and are induced by gravity
effects. In addition, sediment movements can be induced by
earthquakes and/or shocks generated by tsunamis, and chaotic
strata may occur (Doyle and Pilkey 1979; Watkins et al. 1979;
Pickering 1982, 1986; Bally 1983; Pickering et al. 1986).
Montenat et al. (2007) interpreted that similar structures were
formed as a result of the liquefaction of large volumes of
sediments due to seismic activity.

In addition, pillar-dish structures, sill and convolute lami-
nation structures defined in deep-sea turbidite deposits are
associated with seismic activity (e.g. Valente et al. 2014).
Water-escape structures and dykes are related to fluidization.
The limitation of convolute laminations by undeformed layers
strengthens the hypothesis that the formation of these struc-
tures was related to seismic activity. Seismic activity is a nat-
ural phenomenon associated with active tectonic movements.

Fig. 13 a The olistolith block
(Keban metamorphic rocks;
PzMzK) observed in the
Seherdagi member (Tks) of the
Kirkgecit Formation. b Block di-
agram showing the formation of
olistoliths in the study area
(modified form Aksoy and Turan
1997). ¢ Slump folds observed in
the alternation of calcarenite-
carbonate mudstone in the north-
ern part (up to 6 km) of the study
area (Kog-Tasgin and Altun 2019)

PzMzk
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Contemporary seismic activity includes regional extensional
moving belts such as continental opening zones (e.g. East
African Rift) and SE Crete (Alves 2015). The geological re-
cords of past seismic activity have been preserved in sedimen-
tary rocks and are defined as seismites. Seismites are particu-
larly common in tectonically active regions such as back-arc
basins (e.g. Bryan et al. 2001). Sims (1975) emphasized that
each seismic deformation horizon is formed by seismic activ-
ity of 6 or greater. Marco and Agnon (1995) calculated a
magnitude over 4.5 for starting liquefaction. Morgenstern
(1967) argued that there may be a correlation between large-
scale slump sheets associated with submarine sediments and
nearby earthquakes with large magnitudes. In the Alkyonides
Basin, a mass related to submarine slumping was determined,
and the conclusions was that the mechanism triggering this
mass flow was the first seismic shock in Greece in 1881 with
magnitude between 6.4 and 6.7 (Perissoratis et al. 1984). The
magnitudes of all seismic activity described by the researcher
are greater than 6 and emphasize that slumps may occur on
slopes with a gradient of less than 3° in relation to seismic
activity of such magnitude.

Especially the presence of slumps indicates that seismic
activity with magnitudes of 6 or more might have occurred
in this region.

Conclusions

The Seherdagi member of the middle Eocene-Oligocene
Kirkgecit Formation includes six facies (sand matrix-
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supported conglomerates, mud matrix-supported conglomer-
ates, massive sandstones, stratified sandstones, graded sand-
stones and marls) that represent a mud-rich submarine slope
environment containing a complex channel system. Soft-
sediment deformation structures are frequent and include
slump folds, chaotic strata, load casts, flame structures,
water-escape structures, convolute laminations, clastic dykes
and syn-sedimentary faults. The deformation mechanisms and
important factors of the structures are slope gradient, density
difference, liquefaction and fluidization. The main mechanism
triggering deformation structures was tectonic and seismic
movements.

The Kirkgecit Formation is a unit consisting of marine
sediments that developed due to the extensional regime in a
back-arc basin behind a supra-subduction zone (the Arabian
Plate, which subducts beneath the Eurasian Plate) in the Elaz1g
Basin. In addition, the presence of olistoliths derived from
older units within the lowermost part of the unit is a sign that
the basin base has a block fault structure. Therefore, tectonism
and seismic activity resulting from tectonic movements are
important triggering mechanisms for the formation of soft-
sediment deformation structures. As a result of the evaluation
of the data, seismic events with intensities of at least 6 or more
are determined to have occurred in the region.

The present study can provide a guide for the investigation
of similar soft-sediment deformation structures in the marine
sediments in the Elazig and eastern Anatolia regions, as well
as in the overlaying units.
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